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Tiivistelmä/Referat – Abstract 
 
Autophagy is a major cellular catabolic pathway which is responsible for the degradation of protein 
aggregates and damaged organelles, as well as the replenishment of the cellular energy levels during 
starvation by degrading dispensable cytoplasmic components. In autophagy, cytoplasmic material is 
sequestered in double-membrane vesicles termed autophagosomes, which ultimately fuse with the 
endosomal and lysosomal compartment to form organelles called autolysosomes, in which the 
secluded cellular constituents are digested. The degradation products are transported back to the 
cytoplasm, and the cell can use them for biosynthetic reactions or energy production.  
 
Rab GTPases are key regulators of intracellular membrane trafficking, functioning in multiple processes 
including autophagy. They undergo a so-called Rab GTPase cycle, where they mediate downstream 
signalling according to the bound guanine nucleotide. Rab GTPases are generally small, 20-25 kDa of 
size, and are structurally conserved throughout phylogeny with the exception of the hypervariable C-
termini. However, Rab24 GTPase contains unique amino acids that confer special characteristics not 
found among other Rab GTPases, such as low intrinsic GTPase activity.  
 
Rab24 GTPase has been implicated in the late stages of autophagy, where it has been suggested to 
function in autolysosomal clearance. The role of Rab24 GTPase in autophagy was further studied in this 
thesis using Rab24 siRNA and control siRNA transfected HeLa cells with stable expression of mRFP-GFP-
LC3, labelled with a mixture of LAMP1 and LAMP2 antibodies. LAMP1 and LAMP2 are lysosomal 
membrane proteins. The tandem fluorescent-tagged mRFP-GFP-LC3 construct localises to autophagic 
vacuoles and fluoresces both mRFP and GFP under non-acidic conditions. However, the maturation of 
the autophagic vacuoles with the simultaneous decrease in the pH abolishes the GFP fluorescence, 
while mRFP is more acid resistant and continues to fluoresce. The formation of autolysosomes was 
followed by indirect immunofluorescence labelling with LAMP1/2 antibodies in HeLa mRFP-GFP-LC3 
cells. The cells were imaged with a confocal microscope and colocalization of the three colours was 
analysed in three dimensions with Imaris software. 
 
The volumes of GFP and mRFP-positive vesicles (autophagosomes) as well as mRFP and LAMP1/2-
positive vacuoles (autolysosomes) between control and Rab24 silenced cells were similar in full culture 
medium and up to 4 h of serum and amino acid starvation. However, the volume of autolysosomes as 
well as of the LAMP1/2-labelled compartments was substantially higher in Rab24 depleted cells 
compared to control cells after 6h of starvation. Taken together, these findings indicate that Rab24 is 
dispensable for autophagosome formation and maturation, and that Rab24 may be involved in 
autolysosomal clearance upon prolonged serum and amino acid starvation. 
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Tiivistelmä/Referat – Abstract 
 
Autofagia on soluille merkittävä katabolinen reitti, joka vastaa proteiiniaggregaattien ja 
vahingoittuneiden soluorganellien hajotuksesta sekä solujen energiatasojen säilyttämisestä 
niukkaravinteisissa olosuhteissa. Viimemainittu tapahtuu hajottamalla tarpeettomia soluliman 
komponentteja. Autofagiassa soluliman ainesosia eristetään kaksoiskalvollisiin autofagosomeiksi 
kutsuttuihin vesikkeleihin. Autofagosomit yhdistyvät lopulta endosomaalisen ja lysosomaalisen osaston 
kanssa muodostaen autolysosomin, jossa autofagosomien sisältö hajotetaan.  Hajotustuotteet 
kuljetetaan takaisin solulimaan, ja solu voi käyttää ne rakennusaineina tai energiantuotannossa.  
 
Rab GTPaasit ovat tärkeitä solunsisäisiä kalvoliikenteen säätelijöitä, jotka toimivat useilla solun eri 
reiteillä, muun muassa autofagiassa. Rab GTPaasit läpikäyvät niin kutsutun Rab GTPaasi syklin, jossa 
niihin kiinnittynyt guaniininukleotidi määrittelee seuraavat solutapahtumat. Rab GTPaasit ovat yleensä 
pieniä, 20-25 kDa:n kokoisia, ja niiden rakenne on säilynyt hypervariaabelia C-terminusta lukuun 
ottamatta. Rab24 GTPaasilla on kuitenkin ainutlaatuisia aminohappoja, jotka antavat sille erityisiä 
ominaisuuksia, kuten alhainen luontainen GTPaasin aktiivisuus.  
 
Rab24 GTPaasin on esitetty olevan osallisena autofagian myöhäisvaiheessa, jossa sen on ehdotettu 
toimivan autolysosomien kierrätyksessä. Rab24 GTPaasin roolia autofagiassa tutkittiin tässä Pro 
gradussa käyttämällä Rab24 siRNA:lla ja kontrolli siRNA:lla transfektoituja HeLa soluja, jotka ilmentävät 
pysyvästi mRFP-GFP-LC3:a. Solut oli leimattu LAMP1 ja LAMP2 vasta-aineseoksella. LAMP1 ja LAMP2 
ovat lysosomaalisia kalvoproteiineja. Kaksoisfluoresoiva mRFP-GFP-LC3 konstrukti paikantuu 
autofagisiin vakuoleihin ja fluoresoi sekä mRFP:tä että GFP:tä neutraaleissa olosuhteissa. Autofagisten 
vakuolien kypsyminen ja niiden samanaikainen pH:n aleneminen kuitenkin sammuttaa GFP:n 
fluoresenssin, kun taas mRFP on happamalle vastustuskykyisempi ja jatkaa fluoresointia. 
Autolysosomien muodostumista seurattiin epäsuoran LAMP1/2 –immunofluoresenssileimauksen 
avulla HeLa mRFP-GFP-LC3 soluissa. Solut kuvattiin konfokaalimikroskoopilla ja leimojen paikantumista 
analysoitiin kolmiulotteisesti Imaris-ohjelmalla. 
 
GFP ja mRFP-positiivisten vesikkelien (autofagosomien) sekä mRFP ja LAMP1/2-positiivisten vakuolien 
(autolysosomien) tilavuudet kontrolli- ja Rab24 hiljennettyjen solujen välillä olivat samanlaiset sekä 
täydessä kasvatusmediumissa että soluissa, joita oli nälkiinnytetty seerumi- ja aminohapottomassa 
mediumissa jopa 4 tunnin ajan. Autolysosomien sekä LAMP1/2-leimatun osaston tilavuus oli kuitenkin 
huomattavasti korkeampi Rab24 hiljennetyissä soluissa kontrollisoluihin verrattuna 6 tunnin 
nälkiinnyttämisen jälkeen. Kaiken kaikkiaan tulokset viittaavat siihen, että Rab24:ää ei tarvita 
autofagosomien muodostumiseen eikä kypsymiseen. Sen sijaan Rab24 saattaa toimia autolysosomien 
hajotuksessa pitkän seerumi- ja aminohappopaaston aikana.  
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ABBREVIATIONS 
 
ALR  Autophagic lysosome reformation 
AMPK  AMP-activated protein kinase 
AP Adapter protein 
ATG Autophagy related gene or protein 
BSA  Bovine serum albumin 
C-Vps  Class C Vps protein complex 
CHO  Chinese hamster ovary cells 
CMA  Chaperone-mediated autophagy 
DMEM  Dulbecco's modified Eagle medium 
EBSS  Earle's balanced salt solution 
EDTA  Ethylenediaminetetraacetic acid  
ER Endoplasmic reticulum 
ERGIC  ER-Golgi intermediate compartment  
FIP200 Focal adhesion kinase-family interacting protein of 200 kDa  
GABARAP  γ-aminobutyric acid type A (GABAA)-receptor associated protein 
GAP GTP-hydrolysis activating protein 
GDI  Guanine-nucleotide-dissociation inhibitor 
GFP Green fluorescent protein 
GGTase II  Geranylgeranyltransferase 
HOPS  Homotypic fusion and protein sorting  
IMPase  Inositol monophosphatase 
LAMP1/2  Lysosomal-associated membrane protein 1 and 2  
LC3B Microtubule-associated protein 1B light chain 3 
LIR  LC3-interacting region  
mRFP Monomeric red fluorescent protein  
MTOC  Microtubule-organising centre 
mTORC1/2 Mammalian target of rapamycin complex 1 and 2 
MVA Mevalonolactone 
MVB Multivesicular body 
NIX/BNIP3L  Nip-like protein X 
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NSF  N-ethylmaleimide sensitive fusion protein 
NT2N  Post-mitotic neuronal cell line 
p62/SQSTM1 Sequestosome1 
PBS  Phosphate buffered saline 
PE  Phosphatidylethanolamine 
PI  Phosphatidylinositol  
PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate  
PIP5K  Phosphatidylinositol 4-phosphate 5-kinase 
PtdIns(3)P Phosphatidylinositol 3-phosphate 
PKB Protein kinase B 
PM  Plasma membrane 
REP  Rab escort proteins 
Rubicon  RUN domain Beclin-1-interacting cysteine-rich-containing protein 
SNAP29 Synaptosomal-associated protein 29 
SNARE Soluble NSF attachment protein receptors 
STX17 Syntaxin 17  
TFEB  Transcription factor EB 
TGN  trans—Golgi network 
TSC1/2 Tuberous sclerosis tumour suppressor complex 1 and 2 
ULK1/2 UNC-51-like kinase 1 and 2  
UVRAG  UV radiation resistance-associated gene 
Vps34 Vacuolar protein sorting 34 
WIPI WD-repeat-domain phosphoinositide-interacting protein 
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1 INTRODUCTION 
 
Macroautophagy, hereafter referred to as autophagy, is a conserved cellular process 
that is involved in the maintenance of cellular homeostasis and organelle integrity. In 
autophagy, the phagophore secludes a part of the cytoplasm, and closes to form a 
double-membrane vesicle termed the autophagosome. Then, the autophagosome 
matures by fusing with the endosomal and lysosomal compartment to form a 
degradative autolysosome, where the sequestered material is digested and the 
degradation products are recycled back into the cytoplasm.  
 
Autophagy involves a number of proteins and regulatory networks that control its 
activity as well as the formation of autophagosomes and autolysosomes. Rab GTPases 
are a subfamily of the small G-proteins, and are key regulators of vesicular membrane 
traffic. The small monomeric GTPase Rab24 localises to autophagosomal membranes 
along with LC3-II, an autophagosome marker. Albeit the molecular details remain 
elusive, Rab24 is suggested to function in the late stages of autophagy, presumably in 
the clearance of autolysosomes under nutrient rich conditions.  
  
The role of Rab24 GTPase in the terminal stages of autophagy was further studied in 
this thesis. Lysosomal membrane proteins LAMP1 and LAMP2 were 
immunofluorescently labelled in HeLa cells stably expressing mRFP-GFP-LC3. The 
mRFP-GFP-LC3 reporter protein was used to visualise autophagosomes and monitor 
their maturation. Both mRFP and GFP fluoresce in non-acidic conditions, whereas upon 
amphisome and autolysosome formation the pH of the autophagic vacuole diminishes, 
abrogating the GFP fluorescence selectively. The HeLa mRFP-GFP-LC3 cells transfected 
with control siRNA or Rab24 siRNA and labelled with LAMP1/2 antibodies were used to 
analyse the volumes of autophagic, endosomal, and lysosomal compartments in full 
culture medium as well as upon several serum and amino acid starvation times. 
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2 LITERATURE REVIEW 
2.1 Autophagy 
2.1.1 An Introduction to Autophagy 
 
Autophagy is a self-degradative pathway in which cytoplasmic material is degraded by 
the lysosomal compartment. Autophagy comprises of multiple steps that include the 
sequestration of cellular constituents to double-membrane vesicles called 
autophagosomes, and the fusion of autophagosomes with the endosomal and 
lysosomal compartment to form mature, hybrid organelles called autolysosomes, 
where the secluded material is degraded and recycled back into the cytoplasm where 
it can be used for metabolic processes (fig. 1) (Klionsky and Emr 2000, Pyo et al. 2012, 
Seglen and Bohley 1992). 
 
 
 
Fig. 1. The stages of autophagosome formation and maturation. A flat membrane sac termed the 
phagophore nucleates, elongates, sequesters cytoplasmic material, and closes to form an 
autophagosome. The autophagosome matures by fusing with late endosomes and lysosomes to form 
amphisomes and autolysosomes, respectively. The secluded contents are digested in the autolysosome 
and the degradation products are recycled back into the cytoplasm. Adapted from Eskelinen and Saftig 
2009. 
 
 
In nutrient rich conditions, basal autophagy has a key role in the maintenance of cell 
homeostasis and steady cellular energy levels. By selective autophagy of damaged 
organelles and protein aggregates as well as by non-selective, bulk autophagy that is 
responsible for the indiscriminate sequestration of cytoplasm, it also sustains the 
integrity of proteins and other cellular organelles (Glick et al. 2010, Mizushima et al. 
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2008). However, autophagy is activated by various cellular stresses. These include 
nutrient starvation, hypoxia, DNA damage, and generation of reactive oxygen species 
(ROS) in the mitochondria (Kroemer et al. 2010, Lee et al. 2012). Of these, starvation is 
the strongest inducer of autophagy. Under amino acid depletion the degradation rate 
of cellular material by autophagy is increased until the energy levels have been 
restored. Thus, autophagy is an adaptive response to nutrient exhaustion and a vital 
cytoplasmic quality-control mechanism (Glick et al. 2010, Viry et al. 2014). 
 
Autophagy is a highly conserved process, and many autophagy genes are found 
throughout phylogeny (Nakatogawa et al. 2009). In mammalian cells, autophagy was 
first described in the 1950’s (Deter et al. 1967, Clark 1957). Since then, Saccharomyces 
cerevisae has been used as the main model organism to elucidate many of the 
molecular and regulatory details of autophagy (Nakatogawa et al. 2009). Up to date, 
over 30 autophagy related genes (ATG) have been found in yeast, and most of them 
have known mammalian orthologs (Bento et al. 2013). Autophagy is a major 
degradation pathway for all kinds of cytoplasmic material, including aggregated and 
long-lived proteins as well as damaged cell organelles, and it is also involved in the 
digestion of intracellular bacteria and viruses (Klionsky and Emr 2000, Glick et al. 
2010).  
 
In mammalian cells, autophagy can be classified into three types which are 1) 
chaperone-mediated autophagy, CMA, 2) microautophagy, and 3) macroautophagy, 
referred to as autophagy in this thesis (fig. 2) (Klionsky 2005). In CMA, a chaperone 
protein, such as Hsc-70, recognises and binds a soluble cytosolic protein marked for 
degradation by a certain pentapeptide motif. The chaperone protein then binds to the 
lysosomal-associated membrane protein 2A (LAMP2A), a lysosomal membrane 
protein, leading to unfolding, transport through the lysosomal membrane, and 
degradation of the target protein (Cuervo and Dice 2000, Massey et al. 2004, Dice 
2007).  
 
Whereas CMA is solely a selective process, both microautophagy and autophagy 
(macroautophagy) exhibit mechanisms for both selective and non-selective 
11 
degradation of cytoplasmic material. In microautophagy, a part of the cytoplasm is 
engulfed by the lysosome itself, via invaginations of the lysosomal membrane (Pyo et 
al. 2012, Santambrogio and Cuervo 2011).  
 
 
 
Fig. 2. Autophagy consists of three major pathways called macroautophagy (autophagy), 
microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy involves the 
sequestration of random or selective cytoplasmic material into cellular organelles termed 
autophagosomes that ultimately fuse with lysosomes to degrade their contents. Microautophagy may 
also be selective or non-selective, and is characterised by the invagination and direct internalization by 
the lysosome itself. CMA is mediated by chaperone proteins and LAMP2A, which translocate the target 
protein through the lysosomal limiting membrane into the lysosome (Modified from Dong and Czaja 
2011). 
 
 
Malfunctions in the autophagic pathway are associated with multiple diseases that 
include neurodegenerative diseases such as Parkinson’s (Lynch-Day et al. 2012), 
various cancers such as breast cancer (Apel et al. 2008, Mathew and White 2011), 
cardiomyopathy, and pathogenic infection (Ao et al. 2014).  
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2.1.2 The Formation of the Autophagosome and its Maturation to an Autolysosome 
Contain Several Steps 
2.1.2.1 Nucleation of the Phagophore 
 
Autophagy is initiated by the formation of a flat membrane sac termed the 
phagophore, or the isolation membrane (IM) (Tooze and Yoshimori 2010). In the yeast 
S. cerevisiae the phagophore originates from a single pre-autophagosomal structure 
(PAS), whereas in mammalian cells its origin is still debated. In many cases, the 
phagophore has been observed to be near or in contact with the endoplasmic 
reticulum (ER) (Ylä-Anttila et al. 2009a, Hayashi-Nishino et al. 2009), which is thought 
to be the primary source of the phagophores. In addition, phagophores are suggested 
to receive membrane from several other organelles including trans-Golgi, endosomes, 
mitochondria, and plasma membrane (Rubinsztein et al. 2012, Tooze and Yoshimori 
2010, Hailey et al. 2010). However, the relative lack of transmembrane proteins in 
phagophores suggests that they may also be formed de novo (Tooze and Yoshimori 
2010). 
 
The formation of the phagophore requires the coordinated and sequential action of 
several protein complexes. The various proteins indispensable for phagophore 
nucleation in mammalian cells include the ULK complex, the Vps34 complex, 
mammalian Atg9, and the WIPI protein family (Codogno et al. 2011, Pyo et al. 2012).  
 
Vacuolar protein sorting 34 (Vps34) is a class III phosphoinositide 3-kinase that 
interacts in a complex together with Beclin-I (Atg6), Atg14L (Barkor), and Vps15 (p150) 
(Bento et al. 2013) to generate phosphatidylinositol 3-phosphate, PtdIns(3)P, from 
phosphatidylinositol (Rubinsztein et al. 2012). Beclin-I has been shown to increase the 
catalytic activity of Vps34, thus incrementing the levels of PtdIns(3)P and accelerating 
autophagy (Pyo et al. 2012). PtdIns(3)P is essential in the recruitment of the WD-
repeat-domain phosphoinositide-interacting proteins (WIPIs) to the phagophore 
(Polson et al. 2010), which is thought to mediate rearrangements of membranes, thus 
facilitating the generation of the phagophore (fig. 3.) (Mauthe et al. 2011). In addition, 
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Atg9 is thought to be crucial in recruiting membranes to the nucleation site (Bento et 
al. 2013), facilitating the formation and elongation of the phagophores.  
 
The activity of the Vps34 complex is regulated by multiple upstream proteins including 
UNC-51-like kinase 1 and 2 (ULK1 and ULK2), Atg13, and the focal adhesion kinase-
family interacting protein of 200 kDa (FIP200) (Rubinsztein et al. 2012). Atg13 binds to 
ULK1 or ULK2 and regulates their interaction with FIP200. In full medium, Atg13, ULK1, 
and ULK2 are phosphorylated and inactive. Upon starvation, they are 
dephosphorylated and activate FIP200, which then induces phagophore formation 
(Bento et al. 2013). Further, ULK1 is inhibited by the mammalian target of rapamycin 
complex 1 (mTORC1), which promotes cell growth, and is activated by the AMP-
activated protein kinase (AMPK), which senses energy loss (Meijer and Codogno 2011). 
 
 
Fig. 3. Phagophore nucleation from the ER. (1) Upon starvation conditions, ULK1 and Atg13 are activated 
by dephosphorylation. This results in the concurrent phosphorylation and activation of FIP200, and the 
initiation of phagophore generation. (2) The Vps34 complex is activated. (3) The Vps34 complex 
generates phosphatidylinositol 3-phosphate, PtdIns(3)P, to the site of phagophore nucleation. (4) 
PtdIns(3)P recruits proteins crucial for phagophore formation, such as WD-repeat-domain 
phosphoinositide-interacting proteins (WIPIs) and double FYVE-domain-containing protein 1 (DFCP1). (5) 
Atg9 is involved in recruiting membranes to the initiation site. Modified from Randall-Demllo et al. 2013. 
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In addition, accessory regulatory proteins associate with the Vps34 complex at the ER 
and either promote (UVRAG, BIF-1, and Ambra-I) (Liang et al. 2006, Fimia et al. 2007, 
Takahashi et al. 2007) or inhibit (Bcl-2, Rubicon, and Bcl-XL) (Zhong et al. 2009, 
Pattingre et al. 2005, Maiuri et al. 2007) phagophore formation. Signalling events that 
control which effectors associate with the Vps34 complex are not fully elucidated, but 
are often regulated by the cell’s nutrient availability (Glick et al. 2010). 
 
2.1.2.2 Phagophore Elongation and Autophagosome Formation 
 
Once the phagophore has been nucleated, it elongates and finally fuses to form an 
autophagosome. Of special importance are two ubiquitin-like conjugation systems that 
are thought to be responsible for the extension of the phagophore: the Atg12-Atg5 
and LC3-PE systems (Longatti and Tooze 2009). 
 
One of the ubiquitin-like conjugation systems ultimately leads to the conjugation of 
the ubiquitin-like protein Atg12 to Atg5. Atg7, analogous to the E1 ubiquitin activating 
enzyme, first activates Atg12 by binding to its carboxyterminal glycine. The activation 
of Atg12 by Atg7 is ATP dependent. Subsequently Atg7 transfers Atg12 to Atg10, an 
analogue of the E2 ubiquitin carrier protein, which conjugates Atg12 to Atg5. Two 
conjugated Atg12-Atg5 complexes interact non-covalently with an Atg16L dimer to 
form an Atg5-Atg12-Atg16L complex that associates to the growing phagophore, 
where it recruits processed LC3 (fig. 4) (Kuma et al. 2002, Komatsu et al. 2001, Geng 
and Klionsky 2008, Glick et al. 2010, Mizushima et al. 2003, Tanida et al. 2001). The 
Atg5-Atg12-Atg16L complex dissociates from the complete autophagosome, whereas 
part of the LC3-II remains associated (Kabeya et al. 2000, Rubinsztein et al. 2012). 
Thus, LC3-II is a relatively good marker for autophagosomes, and it is widely used to 
monitor autophagy. 
 
The other ubiquitin-like conjugation system in autophagy involves the processing of a 
cytosolic microtubule-associated protein 1 light chain 3 (LC3-I) to a lipidated, 
membrane-bound LC3-II form. LC3 is first cleaved proteolytically by Atg4 to yield an 
activated LC3-I with an exposed carboxyterminal glycine. Subsequently, the E1-like 
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enzyme Atg7 activates LC3-I. Activated LC3-I is transferred to Atg3, an E2-like enzyme 
that conjugates a phosphatidylethanolamine (PE) to the carboxyterminal glycine of 
LC3-I, yielding a processed LC3-II capable of binding to membranes (fig. 4) (Ichimura et 
al. 2000, Kabeya et al. 2000).   
 
 
 
Fig. 4. The two ubiquitin-like conjugation systems involved in the biogenesis of the phagophore.  
(A) Conjugation of Atg12 to Atg5. Atg12 is covalently bound to Atg5, after which a pair of Atg5-Atg12 
associate with two Atg16L to form the so-called Atg16L complex. (B) The cytosolic LC3-I is processed to a 
membrane-bound LC3-II form by addition of a phosphatidylethanolamine (PE). The Atg16L complex 
assists in the lipidation of LC3-I. The interacting amino acids are shown. Refer to text for a more detailed 
description of the conjugation process. (C) LC3-II and the Atg16L complex associating with the growing 
phagophore. Adapted from Yang and Rosenwald 2014.  
 
 
LC3-II localises on the inner and outer limiting membranes of autophagosomes, and it 
plays a role in selecting the sequestered cargo (Glick et al. 2010). However, upon 
autolysosome formation the LC3-II on the inner membrane is degraded, whereas the 
LC3-II associated with the outer membrane is recycled in a delipidation process that 
requires Atg4 (Kabeya et al. 2000, Kirisako et al. 2000).  
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LC3 is one of the six functional human orthologs of the yeast autophagy-related 8 
(ATG8) protein. ATG8 orthologs include LC3A, LC3B, LC3C, γ-aminobutyric acid type A 
(GABAA)-receptor associated protein (GABARAP), GABA(A) receptor-associated protein 
like 1 (GABARAPL1), and Golgi-associated ATPase enhancer of 16 kDa (GATE-16) 
(Shpilka et al. 2011, Muhlinen et al. 2012). They all localise to autophagosomal 
membranes and undergo lipidation equivalent to LC3 upon autophagy initiation 
(Kabeya et al. 2004, Shpilka et al. 2011). For instance, GABARAP is first cleaved by Atg4 
proteases, resulting in its cytosolic form (GABARAP-I), and is subsequently lipidated to 
GABARAP-II that colocalises with LC3-II on autophagosomes. The exact roles of the 
Atg8 proteins has not been elucidated, but they are suggested to be involved in the 
elongation of the phagophore and fusion events to form the autophagosome, and act 
in downstream signalling in the dissociation of the Atg12–Atg5–Atg16L complex 
(Nakatogawa et al. 2007, Weidberg et al. 2011, Weidberg et al. 2010).  
 
2.1.2.3 Autophagosome Fusion with the Endosomal and Lysosomal Compartment 
 
After the elongation of the phagophore the ends fuse to form a double-membrane 
autophagosome with a diameter of 0.5–1.5 μm (Mizushima et al. 2002). The 
autophagosomes move along microtubules towards the microtubule-organising centre 
(MTOC), where they further mature by fusing with the endosomal and/or lysosomal 
compartment (Jahreiss et al. 2008, Matteoni and Kreis 1987). In addition, 
autophagosomes may first undergo homotypic fusion with themselves before forming 
autolysosomes (Tooze and Yoshimori 2010).  
 
Autophagosome fusion with early and late endosomes lowers its pH and delivers 
elements of the membrane fusion machinery. An autophagosome fused with an 
endosome is called an amphisome (Eskelinen 2005). The fusion of autophagosomes 
with the endosomal compartment is not fully understood, but it has been proposed to 
require presenilins (Gutierrez et al. 2004, Lee et al. 2010).  
 
Ultimately, autophagosomes and amphisomes are delivered in the perinuclear region 
where they fuse with lysosomes to form hybrid, degradative organelles called 
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autolysosomes. The relocation of the autophagosomes from the periphery of the cell 
towards the MTOC is thought to be important for the maintenance of their low pH 
(Korolchuk et al.2011). The transport of autophagosomes to the perinuclear region is 
dynein-dependent (Kimura et al. 2008) and requires intact microtubules, as the use of 
nocadazole, a microtubule poison, impedes autolysosome formation (Matteoni and 
Kreis 1987, Webb et al. 2004). Interestingly, the pH of autolysosomes is lower than the 
pH of lysosomes, even though lysosomes are smaller in size than autolysosomes (0.1 to 
1.0 μm and 0.5–1.5 μm, respectively) (Mizushima et al. 2002). The low pH is 
indispensable for the proper functioning of the lysosomal hydrolases that digest the 
autophagosomal cargo. The products of the degradation are then carried by 
transporter proteins through the autolysosomal membrane back into the cytoplasm 
(Eskelinen 2005). 
 
Multiple proteins are involved in the fusion of autophagosomes with the endosomal 
and lysosomal compartment. These include Rab22, the class C Vps protein complex (C-
Vps), the small Rab7 GTPase, soluble NSF attachment protein receptors (SNAREs), and 
endosomal sorting complex required for transport -proteins (ESCRTs) (Jager et al. 2004, 
Pyo et al. 2012, Bento et al. 2013). Moreover, lysosomal acidification is indispensable 
for autophagosome maturation, as the inhibition of the lysosomal proton pump has 
been shown to impede lysosome fusion with autophagosomes, phagosomes, and late 
endosomes (Bento et al. 2013). 
 
The key regulators of autophagosome and lysosome fusion are the SNARE protein 
syntaxin 17 (STX17) and the homotypic fusion and protein sorting (HOPS) complex. The 
STX17 complex, which comprises of STX17, synaptosomal-associated protein 29 
(SNAP29), and vesicle-associated membrane protein 8 (VAMP8), is recruited to the 
membranes of autophagosomes along with the HOPS complex that consists of six 
members of the vacuolar protein sorting (Vps) family. HOPS interacts with the STX17 
complex and other SNARES facilitating the assembly of the trans-SNARE complex that 
mediates the fusion of autophagosomes and lysosomes (Jiang et al. 2014, Itakura et al. 
2012).  
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Upon autolysosome formation, the outer limiting membrane of the autophagosome 
fuses with the limiting membrane of the lysosome, whereas the inner autophagosomal 
membrane as well as the secluded material are degraded by the lysosomal hydrolases 
(Pyo et al. 2012). The digested products are transported back into the cytoplasm 
where they can be used for metabolic processes, after which the autolysosome may be 
used to generate new lysosomes (Yu et al. 2010).  
 
2.1.3 Autolysosomal Clearance: Autophagic Lysosome Reformation (ALR) 
2.1.3.1 An Introduction to the Lysosome 
 
The terminal organelle of the endocytic pathway and the major digestive organelle of 
the mammalian cells is the lysosome (de Duve et al. 1955). The lysosome is not only 
responsible for the degradation of the autophagosomal contents, but is also involved 
in endocytosis, renewal of the plasma membrane (PM), cell death, and signal 
transduction, among other things. The acidic environment of the lysosomes (pH 4.5-
5.0) confers the optimal pH for the dozens of hydrolases responsible for the digestion 
of the incoming contents. The pH of the lysosome is kept at low levels by the action of 
the vacuolar-type H+-ATPase (Mindell 2012, Shen and Mizushima 2014). 
 
Lysosomes are lined by a single membrane that is rich on heavily glycosylated 
membrane proteins, with their glycosylated luminal domains lining the inner surface of 
the limiting membrane. Lysosome-associated membrane proteins 1 and 2 (LAMP1 and 
LAMP2) are heavily glycosylated type 1 transmembrane proteins. They are the most 
abundant proteins found on the lysosome membrane, constituting up to 50% of all 
lysosomal membrane proteins. The presence of LAMP proteins is considered 
characteristic for the lysosomal and late endosomal compartments. The glycocalyx 
formed by the LAMPs on the luminal side of the limiting membrane protects the 
membrane and thus the cytosol from the luminal lysosomal hydrolases (Eskelinen 
2006, Eskelinen et al. 2003).  
 
The lysosome is a dynamic organelle.  De novo synthesized lysosomal hydrolases and 
membrane proteins are transported from the ER via the trans—Golgi network (TGN) to 
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the lysosomes. Most soluble lysosomal enzymes are transported in a mannose-6-
phosphate receptor (M6PR) –dependent manner, whereas the lysosomal membrane 
proteins utilize zip codes in their cytosolic tails for lysosomal targeting.  Moreover, 
damaged lysosomes are degraded by lysophagy, a form of selective autophagy 
(Settembre et al. 2013, Coutinho et al. 2012, Hung et al. 2013). 
 
In 2010, Yu et al. introduced a novel lysosomal biosynthetic pathway termed 
autophagic lysosome reformation (ALR), which takes place under prolonged glutamine 
and serum starvation. After 4 h starvation, lysosomes were observed to decrease in 
number due to fusion to fewer and larger autolysosomes. However, after 12 h 
starvation the lysosomal number and size were recovered. This led to the discovery of 
the ALR pathway, where new lysosomes are generated from autolysosomes by 
budding of tubular proto-lysosomes that finally separate and form new lysosomes (Yu 
et al. 2010). 
 
2.1.3.2 Autophagic Lysosome Reformation   
 
After the transport of the degraded products from the autolysosomes into the cytosol, 
the ultimate stages of autophagy consist of autolysosomal clearance and lysosome 
reformation. During starvation, all lysosomes may fuse to larger and fewer 
autolysosomes to promote digestion, concurrently producing an imbalance in 
lysosome homeostasis. However, after a prolonged, 12 h starvation the number and 
size of lysosomes recovers to the initial state, permitting further degradation by 
autophagy (Yu et al. 2010). The regeneration of lysosomes occurs through a process 
called the autophagic lysosome reformation, ALR, which involves the budding of 
lysosomes from autolysosomes (fig. 5). ALR is a key factor in autolysosomal clearance 
and in the recovery of lysosome homeostasis. Morphologically, accumulation of large, 
cytosol-containing structures may indicate a defect in the ALR pathway (Yu et al. 2010). 
 
In ALR, tubular LAMP1 and LAMP2-positive structures emerge from autolysosomes. 
These structures are best visible after prolonged starvation, but are also present in 
nutrient rich conditions (Yu et al. 2010, Munson et al. 2015). These extensions are 
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called reformation tubules, from which proto-lysosomes, and ultimately lysosomes, 
are formed. Reformation tubules transmit lysosomal components from the 
autolysosomes to the newly forming lysosomes. They are long and dynamic, and 
extend along microtubules. Nocodazole, a microtubule depolymerizing agent, impedes 
the formation of reformation tubules suggesting a role for the cytoskeleton in ALR (Yu 
et al. 2010).  
 
 
Fig. 5. Autophagic lysosome reformation, ALR. (A) ALR is tightly controlled. Starvation inhibits mTORC1, 
a regulator of cellular growth, thus increasing autophagic degradation, and the recycling of nutrients 
back into the cytosol. This reactivates mTOR kinase (a component in mTORC1) to hinder autophagy and 
to initiate ALR. (B) The generation of novel lysosomes from autolysosomes begins with the protrusion of 
LAMP1 and 2 positive reformation tubules that mature to fully functional lysosomes via a proto-
lysosome step. The details of the maturation process remain unknown. Adapted from Yu et al. 2010.  
 
 
 
 
Proto-lysosomes separate from the tips of the reformation tubules. Reformation 
tubules as well as proto-lysosomes are non-acidic, LAMP1 and 2 positive, and lack 
autolysosomal luminal contents such as hydrolases and autophagosomal membrane 
proteins including LC3. Proto-lysosomes mature to lysosomes in a yet unknown fashion 
(Yu et al. 2010). The maturation process depends on protein synthesis, as the use of 
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cycloheximide, a protein synthesis inhibitor, blocks it. Furthermore, the maturation of 
proto-lysosomes from non-acidic, degradation defective vesicles to acidic, functional 
lysosomes involves acquisition of lysosomal components by lysosomal cargo sorting. 
Adapter proteins (AP), namely AP4, identify and bind to lysosomal proteins via sorting 
signals in their cytosolic tails, and target them to proto-lysosomes. AP4 was found to 
interact with LAMP1 but not LC3, and its deletion caused a defect in the clearance of 
autolysosomes (Chen and Yu 2013). 
 
2.1.3.3 Autophagic Lysosome Reformation is Mediated by Multiple Factors 
 
ALR takes place after prolonged amino acid depletion and is also thought to occur in 
full medium conditions (Yu et al. 2010, Munson et al. 2015). In long term starvation 
ALR is coupled to the concurrent cessation of autophagy and reactivation of mTORC1. 
One component of the mTORC1 is the kinase mTOR that upon activation induces cell 
growth. mTORC1 may be activated by amino acids derived from the autolysosomal 
degradation products.  mTORC1 activity is essential to ALR, as blocking of mTORC1 by 
an inhibitor, rapamycin, as well as by siRNA silencing, causes accumulation large 
autolysosomes that persist after 12h of starvation (Yu et al. 2010). 
 
Lysosomal degradation capacity and transport of the degraded products back into the 
cytosol are also important for ALR. The use of pepstatin A, a protease inhibitor, blocks 
mTOR reactivation and ALR (Yu et al. 2010). In addition, in mammalian cells the 
knockdown of Spinster, a lysosomal efflux protein that transports sugars, caused 
accumulation of large lysosomes, late endosomes, and autolysosomes containing 
undigested cytosol. Moreover, mTOR activation and lysosomal degradation capacity 
were found to be impaired in Spinster depleted cells. However, reactivation of mTOR 
by addition of sugar in Spinster knockdown cells initiated ALR, indicating mTOR 
reactivation to be necessary and sufficient for ALR (Rong et al. 2011).  
 
ALR involves the highly coordinated regulation of membrane dynamics, and a few 
proteins involved in vesicular trafficking have also been implicated in ALR. Clathrin, a 
common mediator of vesicle budding, mediates several stages of ALR. Clathrin 
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depletion results in large autolysosomes and defective autolysosomal clearance. It is 
thought that locally concentrated phosphatidylinositol 4,5-bisphosphate PI(4,5)P2 on 
the autolysosomal membrane recruits the adapter protein AP2, which in turn recruits 
clathrin to initiate generation of reformation tubules via budding (Rong et al. 2012). 
PI(4,5)P2 is formed by the action of phosphatidylinositol 4-phosphate 5-kinase (PIP5K), 
and the appropriate function of PIP5K1B and PIP5K1A is essential for ALR, as their 
knockdown caused inhibition of ALR and defective lysosome reformation (Rong et al. 
2012).  
 
PI(4,5)P2 is also found at the tips of reformation tubules (Rong et al. 2012). Moreover, 
the scission of reformation tubules is thought to be regulated by a complex network 
involving mTORC1, a phosphorylated form of the UV radiation resistance-associated 
gene product (UVRAG), Vps34, as well as the generation of PtdIns(3)P on lysosomes 
(Munson et al. 2015, Yu et al. 2010). 
 
2.1.4 Regulation of Autophagy 
2.1.4.1 Autophagy is Regulated by Various Signals 
 
Autophagy is tightly regulated by a complex signalling network that includes direct and 
indirect stimuli from a variety of metabolic stresses from the macro- and 
microenvironment. The downstream signalling and coordination of the regulatory 
proteins form feedback loops that are essential in the maintenance of cellular 
homeostasis (Pyo et al. 2012, Glick et al. 2010). 
 
Autophagy is induced by many cellular stress factors including low levels of nutrients 
such as amino acids and monosaccharides, growth factor deprivation, DNA damage, 
reactive oxygen species (ROS) produced by mitochondria, hypoxia, pathogens, 
damaged cellular organelles, and protein aggregates. Under no such conditions, for 
example in full culture medium, autophagy is attenuated to a basal autophagy level, 
where its major role is to sustain cellular homeostasis (Ao et al. 2014). 
 
23 
Autophagy regulators can be roughly divided into mTOR-dependent and –independent 
stimuli. The mTOR kinase senses cues related to the nutritional and energy levels of 
the cell and accordingly activates or inhibits autophagy to correspond to the cell’s 
needs. mTOR is active under nutrient rich conditions together with basal autophagy. 
Activated mTOR promotes cell growth by inducing ribosomal protein expression and 
incrementing protein translation, while repressing autophagy. The mTOR-dependent 
autophagy-regulating pathway is conserved from yeast to mammals, and it is one of 
the key regulators of autophagic activity (Jung et al. 2010, Glick et al. 2010). The 
regulation of autophagy mediated by mTOR is further discussed in section 2.1.4.2.  
 
There are several pathways involved in the regulation of autophagy which bypass 
mTOR. An example is the inositol monophosphatase (IMPase) pathway, where the 
inhibition of IMPase by lithium decreases free inositol and inositol (1,4,5)-
trisphosphate levels, resulting in enhanced autophagy (Sarkar et al. 2005). The IMPase 
pathway is mediated by cyclic AMP (cAMP) and intracellular levels of calcium (Bento et 
al. 2013). Furthermore, diminished calcium flux from the ER to the mitochondria leads 
to upregulated AMPK activity, inducing autophagy (Cardenas et al. 2010).    
 
2.1.4.2 Autophagy Regulation Mediated by the Mammalian Target of Rapamycin 
(mTOR) Kinase  
 
Proteins that sense nutrient and energy levels are the strongest regulators of 
autophagy. The mammalian target of rapamycin, mTOR, is a serine/threonine kinase 
that mediates cellular growth and metabolism according to nutrient availability, 
growth factors, and cellular energy level (Dennis et al. 2001). mTOR is also the chief 
regulator of autophagy, interconnecting multiple signals to control the cellular 
anabolic and catabolic pathways (fig. 6). Moreover, its activity is directly coupled to the 
cessation of autophagy, and vice versa. mTOR functions in two distinct complexes 
termed mTOR complex 1 and 2 (mTORC1 and 2). mTORC1 and 2 share common 
proteins, but also include others specific to each of the complexes. mTORC1 and 2 
function in different downstream pathways due to their specific substrate preferences 
(Jung et al. 2010, Kim and Guan 2015). 
24 
mTORC1 promotes cell growth and proliferation by directly inhibiting the ULK1/2 
complex (Nazio et al. 2013), which mediates the formation of phagophores as 
described in section 2.1.2.1. In addition, the interaction of mTORC1 with ULK1 impedes 
the activation of ULK1 (Kim et al. 2011). mTORC1 is directly activated by the Ras 
homolog enriched in brain (Rheb) GTPase on the lysosomal membrane. There, 
mTORC1 deactivates the transcription factor EB (TFEB) by phosphorylation, preventing 
its localization to the nucleus and leading to suppression of the transcription of 
lysosomal and autophagy genes. The activated, dephosphorylated TFEB translocates 
from the cytoplasm to the nucleus, where it upregulates the expression of lysosomal 
and autophagy related genes (Betz and Hall 2013, Kim and Guan 2015, Settembre et al. 
2013). 
 
mTORC1 is inhibited by factors such as nutrient deprivation, hypoxia, and reagents that 
directly repress its function, such as rapamycin (Bento et al. 2013, Kim and Guan 2015). 
Inhibition of mTORC1 results in the phosphorylation of ULK1/2 by AMPK. The 
phosphorylated ULK1/2 further phosphorylate Atg13 and Fip200, activating the Vps34 
complex and the induction of phagophore generation (see section 2.1.2.1) (Jung et al. 
2009). 
 
mTORC1 has many upstream regulators including the AMP-activated protein kinase 
(AMPK), growth factor/protein kinase B (PKB) signalling pathway,  and the tuberous 
sclerosis tumour suppressor complex (TSC1/2). The growth factor/PKB pathway 
involves a growth factor, like insulin, which activates the receptor tyrosine kinase (RTK) 
that further induces the protein kinase B signalling route (Kim and Guan 2015). 
Activated PKB inhibits TSC1/2 by phosphorylation, leading to the activation of mTORC1 
(Inoki et al. 2002, Inoki et al. 2003). However, low nutrient and energy levels as well as 
other cellular stress factors activate TSC1/2, subsequently repressing mTORC1 
function. AMPK is activated by a high AMP:ATP ratio. AMPK prevents mTOR through 
the TSC1/2 complex, and it is also an allosteric inhibitor of mTORC1 in its activated 
form (Inoki et al. 2003). In addition, AMPK activates the Vps34 complex, which is 
responsible for phagophore nucleation (see section 2.1.2.1) (Kim et al. 2013). 
 
25 
The mTORC2 complex mediates cell survival and cytoskeletal organization (Zinzalla et 
al. 2011) and is involved in glucose and lipid metabolism (Hagiwara et al. 2012). In 
addition, mTORC2 is thought to be involved in the maintenance of autophagosome 
precursor formation (Renna et al. 2013). The activity of mTORC2 is controlled by 
various stress factors. For example, it is inhibited by oxidative and ER stress (Chen et al. 
2011, Muders et al. 2009), and activated by hypoxia (Li et al. 2007). Rapamycin, an 
allosteric inhibitor of mTORC1, does not directly affect mTORC2 but may have long-
term indirect effects on mTORC2 function (Sarbassov et al. 2006). Furthermore, 
mTORC2 is regulated by the growth factor/protein kinase B signalling axis. PKB is 
thought to enhance the interaction of mTORC2 with ribosomes, thus activating 
mTORC2 (Zinzalla et al. 2011).  
 
 
 
Fig. 6. mTORC1 regulation of autophagy. Growth factors and nutrients activate mTORC1, leading to 
deactivation of autophagy via several pathways. First, the master regulator of autophagy related genes, 
TFEB, is downregulated.  Second, mTORC1 inhibits the ULK and Vps34 complexes to suppress 
autophagosome formation. In addition, accessory regulatory proteins BIF1, AMBRA1, and UVRAG, which 
promote autophagy, are repressed. Extrinsic stress factors such as rapamycin, hypoxia, and starvation 
block mTORC1 function, allowing autophagy induction. Modified from Kim and Guan (2015) and 
Salmond and Zamoyska (2011). 
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Arias et al. (2015) demonstrated mTORC2 to function in chaperone-mediated 
autophagy (CMA). CMA was found to be endogenously activated by Pleckstrin 
homology (PH) domain and leucine-rich repeat protein phosphatase 1 (PHLPP1) and 
inhibited by mTORC2. PHLPP1 and mTORC2 either dephosphorylate or phosphorylate 
PKB, respectively, at the membrane of the subset of lysosomes that mediate CMA.  It is 
thought that mTORC2 and the phosphorylated PKB maintain CMA at a basal level by 
inhibiting the formation of the CMA translocation complex via phosphorylation of the 
glial fibrillary acidic protein (GFAP). Upon stress conditions PHLPP1 is recruited to the 
lysosomal membrane to activate CMA (Arias et al. 2015).  
 
2.1.5 Non-canonical Autophagy 
 
In addition to the conventional autophagy described in section 2.1.2, which is 
regulated by the Vps34 and ULK complexes as well as the Atg12-Atg5 and LC3-PE 
conjugation systems, additional forms of autophagic routes exist that bypass these 
putatively fundamental protein machineries. These non-canonical autophagic 
pathways function under certain stress conditions, and vary the mechanism of 
phagophore formation and elongation by circumventing single or several proteins 
required in canonical autophagy (Codogno et al. 2011).  
 
One unconventional autophagic pathway bypasses Beclin-1, a component of the Vps34 
complex. Beclin-1 independent autophagy has been observed to occur in cells treated 
with pro-apoptotic reagents, such as 1‑methyl‑4-phenylpyridinium (MPP+), a 
neurotoxin associated with neuronal cell death, resveratrol, which is implicated in 
tumour cell death, dizocilpine or MK801, affecting neurotransmission, and etoposide, a 
DNA damaging agent (Zhu et al. 2007, Scarlatti et al. 2008, Grishchuk et al. 2011). In 
addition to pro-apoptotic stresses, Beclin-1 independent autophagy is observed upon 
differentiation as well as bacterial toxin uptake, and can be stimulated by additional 
non-apoptotic reagents such as arsenic trioxide (Arsov et al. 2011, Mestre et al. 2010, 
Smith et al. 2010). Although these pathways function without Beclin-1, they are still 
dependent on many proteins present in canonical autophagy, such as the Atg12-Atg5 
and LC3-PE systems, and WIPIs (Codogno et al. 2011).  
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Another non-canonical autophagic pathway circumvents the need for the Atg12-Atg5 
and LC3-PE conjugation systems in the phagophore biogenesis phase. Usually, Atg5 
knockout cells lack autophagic compartments. However, upon treatment of Atg5 
depleted cells with etoposide, autophagosomes emerge especially in several 
embryonic tissues. In such cells, autophagosome formation is initiated in an Atg5-
independent pathway in an ULK1-dependent manner. Elongation and fusion of the 
phagophore are dependent on the action of the monomeric Rab9 GTPase that is 
involved in vesicle trafficking from the trans-Golgi and trans-Golgi network (TGN) to 
late endosomes. Forming phagophores elongate by fusion with Rab9-positive vesicles 
that are thought to derive from the trans-Golgi and TGN. The formed autophagosomes 
are double-membraned, and fuse to lysosomes for content degradation. This Rab9-
dependent autophagy has been observed in various cell lines, but it is fundamental in 
the maturation of erythrocytes, where it is used to digest mitochondria (Nishida et al. 
2009). 
 
Various additional pathways of non-canonical autophagy exist, and many more are 
presumably to be found. The molecular mechanisms of their functions remain to be 
elucidated. However, there is no doubt that the unconventional autophagy routes are 
important in differentiation and maturation processes, and may enable the 
development of drugs for pathological conditions where canonical autophagy is 
defective (Codogno et al. 2011).  
 
2.1.6 Selective Autophagy  
 
Autophagy was originally described as a bulk degradation process as electron 
microscope images showed autophagosomes to contain various cellular constituents 
including ER, mitochondria, and Golgi (Glick et al. 2010, Eskelinen et al. 2011). 
However, it is now accepted that autophagic degradation may also be selective. 
Autophagy has been observed to specifically sequester and degrade aggregates and 
misfolded proteins, peroxisomes, mitochondria, bacteria and viruses, ER, as well as 
ribosomes, and these types of autophagy are termed aggrephagy, pexophagy, 
mitophagy, xenophagy, reticulophagy, and ribophagy, respectively (Pankiv et al. 2007, 
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Iwata et al. 2006, Okamoto et al. 2009, Thurston et al. 2009, Orvedahl et al. 2010, 
Bernales et al. 2006, Kraft et al. 2008).  
 
Selective autophagy is mediated by cargo receptors that bind to specific substrates as 
well as the inner surface of the phagophore allowing autophagosomal sequestration 
(fig. 7).  There are several cargo receptors including sequestosome1 (SQSTM1, also 
called p62), Nip-like protein X (NIX/BNIP3L), neighbour of Brca1 gene (NBR1), and 
nuclear dot protein 52 kDa (NDP52), that may function with several other molecular 
chaperones and interaction partners in substrate recognition and aggregate assembly 
(Bjorkoy et al. 2009, Ding et al. 2010, Lamark et al. 2009, Muhlinen et al. 2010). At the 
phagophore the cargo receptors associate with lipidated members of the Atg8 family 
(see section 2.1.2.2). Efficient selective autophagy is achieved by aggregation of the 
cargo receptor and/or substrate (Johansen and Lamark 2011). Apart from Nix-
dependent mitophagy, selective autophagy is often mediated by ubiquitin labelling of 
the cargo which is thought to act as a signal for the specific degradation of substrates 
(Johansen and Lamark 2011).   
 
 
SQSTM1 is a cargo receptor that has a ubiquitin-binding domain that recognises the 
substrates via their ubiquitin-labelling. SQSTM1 forms aggregates with the 
ubiquitinated cargo. Through its LC3-interacting region (LIR), SQSTM1 associates with 
LC3/GABARAP and recruits the phagophore to sequester the substrate (Pankiv et al. 
2007). Ubiquitin-SQSTM1-dependent autophagic degradation is observed for instance 
in the digestion of peroxisomes, where mono-ubiquitin is used as the signal for 
selective digestion (Kim et al. 2008). In addition, SQSTM1-dependent selective 
autophagy is fundamental in the digestion of misfolded proteins in basal autophagy 
(Johansen and Lamark 2011). Furthermore, the ubiquitinated cargo may also include 
other cellular contents such as soluble or aggregated proteins, mitochondria, and 
bacteria (Kim et al. 2008, Pankiv et al. 2007, Geisler et al. 2010, Thurston et al. 2009). 
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Fig. 7. Selective autophagy. (A) Selective autophagy is mediated by cargo receptors that bind to a 
substrate as well as to a member of the Atg8 family at the inner surface of the phagophore allowing 
sequestration by the forming autophagosome. (B) In ubiquitin-p62-dependent pexophagy the cargo 
receptor p62 recognises the mono-ubiquitinated peroxisomes and attaches them to the inner surface of 
the phagophore. (C) A mitochondrial membrane protein NIX mediates ubiquitin-independent 
mitophagy. Adapted from Johansen and Lamark 2011. 
 
  
Mitophagy, or the selective degradation of mitochondria, is important in the 
maturation of erythrocytes and in the removal of damaged mitochondria in skeletal 
muscle and the heart. Mitophagy has been observed to be mediated by several cellular 
machineries.  One pathway of mitochondrial clearance involves the Nip-like protein X 
(NIX/BNIP3L), a mitochondrial membrane protein that uses its LIR motif to recruit 
GABARAPL1 to the defective and depolarized mitochondria (Schweeners et al. 2007, 
Johansen and Lamark 2011). Another route involves the Parkin protein and is 
ubiquitin-dependent. The association of PTEN-induced kinase 1 (PINK1) with Parkin is 
required for the recruitment of Parkin to damaged mitochondrial membranes, where it 
mediates ubiquitination and autophagic degradation (Geisler et al. 2010).  
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2.2 Rab GTPases 
2.2.1 An Introduction to Rab GTPases 
 
The Ras superfamily comprises of Rab, Ras, Rho, ARF (ADP-ribosylation factor), and 
Ran subfamilies. The members of these families are typically 20-25 kDa of size, and are 
divided into their corresponding subfamilies according to function and sequence 
homology (Kelly et al. 2012). In the yeast S. cerevisiae the Rab GTPases are the largest 
subfamily (Garcia-Ranea and Valencia 1998). Rabs are ubiquitously expressed, and are 
found on all known membranes of the biosynthetic and endocytic pathway. Due to 
their essential role in membrane trafficking, various Rab GTPases are functionally 
redundant (Kelly et al. 2012). 
 
After the discovery of the first mammalian Rab GTPase (Touchot et al. 1987), Rabs 
have been identified as fundamental regulators of mammalian intracellular membrane 
trafficking, where they function in processes like vesicle docking, tethering, budding, 
and fusion. They also have roles in selecting cargo, in the assembly or shedding of coat 
components in membranes, as well as in vesicle motility (Barr and Lambright 2010, 
Kelly et al. 2012, Semerdijeva et al. 2008). 
 
Structurally Rabs are relatively conserved. There are three distinct regions that are 
typically involved in the Rab-effector protein interactions, which include the 
interswitch region, switch I, and switch II.  The latter two change their conformation 
depending on the bound guanine nucleotide (Pfeffer 2005). The Rab subfamilies also 
exhibit a high degree of sequence homology, with the exception of the C-termini, 
which are hypervariable and vary in residue length (27-43 residues) as well as in the 
design of the C-terminal cysteine motif box that exists in several forms (CXXX, CXC, CC, 
CCXX, or CCXXX, where X designates any other amino acid). The mechanism of Rabs’ 
specific targeting to membranes is still under debate, but it is thought to be influenced 
by factors such as the amino acid sequence of the C-terminus, prenylation of the C-
terminal cysteines, as well as their so-called SF/F region (Kelly et al. 2012, Erdman et al. 
2000). 
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2.2.2 The Rab GTPase Cycle 
 
Rab GTPases activate or inhibit cellular processes according to their own state in the 
so-called Rab cycle, where they alternate between the active GTP-bound and the 
inactive GDP-bound forms (fig. 8). The Rab cycle is operated by several accessory 
proteins that allow the adequate modification of Rabs, which is crucial for their proper 
functioning (Kelly et al. 2012). 
 
One group of these accessory proteins are Rab escort proteins (REPs), which associate 
with the newly synthesized GDP-bound Rabs in the cytoplasm (Alexandrov et al. 1994). 
In addition, REPs present Rabs to a geranylgeranyltransferase (GGTase II), an enzyme 
that post-translationally prenylates the C-terminal cysteine residues of Rabs.  GGTase II 
can only prenylate Rabs when they are associated with a REP. The complex formed by 
these three proteins is called a Rab•GGTase complex (Hutagalung and Novick 2011).  
 
 
Fig. 8. The Rab GTPase cycle. Rab escort proteins (REPs) bind to newly synthesized Rab proteins, and 
introduce them to geranylgeranyl transferases (GGTase II) that conjugate a lipid to the Rabs. On its 
target membrane Rab GTPases are activated by GDP-GTP exchange factors (GEFs), after which they 
associate with certain effector proteins to mediate downstream effects. Rab signalling is abolished upon 
the action of GTP-hydrolysis activating proteins (GAPs). The inactive Rabs bind to guanine-nucleotide-
dissociation inhibitors (GDIs) to form a stable complex in the cytosol until they are extracted by GDI 
dissociation factors (GDFs) and enter into a new cycle of Rab activation. Adapted from Hutagalung and 
Novick 2011. 
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The prenylation is crucial for the specific insertion of the Rab GTPases to intracellular 
membranes (Alexandrov et al. 1994). When Rabs have associated to their target 
membrane, they are activated by GDP-GTP exchange factors (GEFs) that interact with 
the switch region of Rabs facilitating GDP release and binding of cytosolic GTP. 
Subsequently, the active GTP-bound Rabs interact with additional effector proteins at 
the membrane to mediate their distinct effects (Barr and Lambright 2010). 
 
Rab GTPases are inhibited upon the action of GTP-hydrolysis activating proteins (GAPs) 
that induce Rabs to hydrolyse GTP to GDP, thus terminating the downstream effects. 
Further, the inactivated GDP-bound Rab is extracted from the membrane by a 
guanine-nucleotide-dissociation inhibitor (GDI), which forms a stabilising complex with 
the Rab GTPase in the cytosol. Rabs remain bound to the GDI-complex until GDI 
dissociation factor (GDF) dissociates the Rab from the GDI to allow new rounds of Rab 
activation to occur (Kelly et al. 2012, Hutagalung and Novick 2011). 
 
Rabs mediate distinct downstream effects according to the proteins with which they 
interact at the membrane. Interestingly, Rab5 has been shown to interact with over 20 
accessory proteins. Moreover, a single effector protein may interact with several Rabs 
at different or overlapping sites. The redundant functions of Rabs and their associating 
proteins might be important for the overall co-ordination and regulation of the cellular 
processes initiated by Rab activation (Kelly et al. 2012). 
 
2.2.3 Rab24 is Involved in Autophagy 
2.2.3.1 Rab24 GTPase 
 
Rab24 GTPase was first described by Olkkonen et al. in 1993. A PCR-based method was 
used to clone a full length cDNA of three previously unknown members of the Rab 
subfamily, one being Rab24. Among the Rab subfamily, mouse Rab24 is most closely 
related to Rab5, having a sequence identity of 48.8%, 48.4%, and 48.1% to canine 
Rab5a, human Rab5b, and human Rab5a, respectively (Olkkonen et al. 1993).  
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In cultured cells ectopically expressed myc-tagged Rab24 is predominantly found in the 
cytosol, whereas 10-20% reside in the perinuclear membranes (Erdman et al. 2000). In 
mouse tissues Rab24 is expressed ubiquitously, although its expression level was the 
highest in the brain, suggesting it may have important functions in neuronal cells 
(Olkkonen et al. 1993).  
 
Rab24 is a peculiar member of the Rab GTPase family as it possesses unique 
characteristics not found among other Rab GTPases. These are low intrinsic GTPase 
activity, unusual tyrosines located in the C-terminus, an unusual amino acid sequence 
in the nucleotide-binding domain, and a unique C-terminal cysteine motif box (Erdman 
et al. 2000, Ding et al. 2003). A study by Erdman et al. (2000) suggested Rab24 to bind 
poorly to the GDIs and be inefficiently prenylated. However, Behrends et al. (2010) 
found Rab24 to interact with both GDI1 and GDI2, and Ylä-Anttila et al. (2015) 
observed nearly 40% of overexpressed Rab24 to be prenylated.   
 
The low intrinsic GTPase activity of Rab24 could be conferred by a unique amino acid 
in its GTP binding motif at residue 67. In this position, Rab24 possesses a serine 
(Rab24-67S), whereas all the other known Rab GTPases contain a glutamine (67Q) 
(Erdman et al. 2000). The role of the unusual serine is further discussed in section 
2.2.3.4.  
 
There are three unusual tyrosines (Y172, Y196, and Y198) in the C-terminus of Rab24 
that are not found among other Rabs, and a tyrosine (Y17) in the nucleotide-binding 
domain, which is present only in Rab24 and Rab36. Y172 and Y17 have been shown to 
be phosphorylated in HEK293 cells. The phosphorylation of Y172 was suggested to be 
involved in the subcellular distribution of Rab24, whereas Y17 phosphorylation may be 
implicated in GTP hydrolysis (Ding et al. 2003). Furthermore, overexpressed Rab24, 
unlike other Rab GTPases tested, may be phosphorylated by Src-related tyrosine 
kinases in mammalian cells (Ding et al. 2003). 
 
The C-terminal cysteine motif box (see section 2.2.1) of Rab24 differs compared to all 
the other Rab GTPases. In Rab24, the two cysteines subjected to prenylation for 
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membrane association are followed by two consecutive histidines (H), forming an 
unusual CCHH cysteine motif not observed in other proteins of the Ras family (Erdman 
et al. 2000). There are contradictory results regarding the role of the unique cysteine 
motif box in the prenylation of Rab24, which are further discussed in section 2.2.3.5. 
 
In addition to the above mentioned peculiarities, Rab24 also contains five sequential 
arginine (R) residues in a region termed the Rho insert region in Rho, Rac and Cdc42 
subfamilies (Erdman et al. 2000). In human immunodeficiency virus (HIV) tet and rev 
proteins, a similar arginine-rich sequence mediates their nuclear translocation (Palmeri 
and Malim 1999). The exact role of these atypical arginines in Rab24 is still unclear. Of 
note, the group of Eeva-Liisa Eskelinen has shown that Rab24 cycles between the 
cytoplasm and the nucleus (Susanna Salmi, Master’s thesis 2010).  
 
2.2.3.2 Rab24 and Autophagy  
 
Rab24 has been suggested to function in autophagy ever since its discovery in 1993 by 
Olkkonen et al., although its function then was unknown. Later, Rab24 was observed 
to localise throughout the cytoplasm with more intensive staining found on reticular 
structures in the perinuclear area, especially on one side of the nucleus (Erdman et al. 
2000, Munafo and Colombo 2002). Munafo and Colombo (2002) showed Rab24 to 
rearrange into larger ring-shaped vesicular structures upon serum and amino acid 
starvation, in a similar manner to LC3 (Mizushima et al. 2001), further suggesting a 
possible role for Rab24 in autophagy. Moreover, Rab24-S67L, a mutant deficient in 
nucleotide binding, did not show such a cellular relocalization upon amino acid 
depletion, indicating the nucleotide binding of Rab24 to be essential in its 
rearrangements upon starvation (fig. 9) (Munafo and Colombo 2002). In addition, 
Rab24 was observed to colocalise with LC3 as well as with markers of the ER, cis-Golgi, 
and ER-Golgi intermediate compartment (ERGIC). ERGIC markers included Rab2 and 
Rab1 (Olkkonen et al. 1993, Munafo and Colombo 2002). 
 
An extensive study by Ylä-Anttila et al. (2015) confirmed Rab24 GTPase to function in 
autophagy. Electron microscope images showed Rab24 to reside on the inner and 
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outer limiting membranes of autophagosomes, and fluorescence microscopy 
demonstrated 60% of the LC3-positive vesicles to be positive for Rab24 in both non-
starved and starved cells (Ylä-Anttila et al. 2015). 
 
 
Fig. 9. GFP-Rab24 wild type (WT) and S67L mutant overexpressed in CHO cells. WT Rab24 is dispersed 
throughout the cytoplasm in minimal essential medium, whereas after a 3 h starvation it forms larger, 
circular structures. A Rab24-S67L mutant does not rearrange upon starvation like WT Rab24. The scale 
bar represents 6 µm. Reprinted from Munafo and Colombo 2002. 
 
 
 
In addition, Ylä-Anttila et al. (2015) showed Rab24 to be dispensable for 
autophagosome formation, as immature and degradative autophagic vacuoles were 
observed in Rab24 silenced cells (fig. 10). Furthermore, quantitative analysis showed 
that the number of autophagic compartments was equal in Rab24 siRNA and control 
siRNA transfected cells after a 2 h starvation with or without a 2 h chase in full 
medium. However, in complete medium the amount of autophagic compartments in 
Rab24 depleted cells was four times higher compared to control siRNA cells (fig. 10). 
Moreover, the amount of Huntingtin (Htt) aggregates, which are known to be 
degraded predominantly by autophagy, was higher in Rab24 silenced cells than in 
control cells. Thus, Rab24 was indicated to have a role in basal autophagy, and was 
shown not to be essential in the formation or clearance of autophagic vacuoles that 
form upon short term serum and amino acid depletion (Ylä-Anttila et al. 2015).   
 
Ylä-Anttila et al. (2015) suggested Rab24 to have a role in the late stages of autophagy. 
Control siRNA and Rab24 siRNA transfected HeLa cells were incubated with and 
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without Bafilomycin A, an inhibitor of the lysosomal vacuolar-type H+-ATPase that 
prevents the acidification of the lysosomes and thus autophagic degradation. Analysis 
with transmission electron microscopy revealed that without Bafilomycin A treatment, 
Rab24 siRNA transfected cells contained fourfold more degradative autophagic 
compartments than control cells in full culture medium. After treatment of these cells 
with Bafilomycin A the difference between control and Rab24 silenced cells 
disappeared, showing that the difference observed in samples not treated with 
Bafilomycin A was due to reduced clearance and not increased formation of 
autophagic vacuoles (Ylä-Anttila et al. 2015).  
 
 
 
Fig. 10. A quantitative electron microscopy analysis of autophagic compartments in Rab24 siRNA and 
control siRNA transfected HeLa cells showing a fourfold increase in the number of autophagic vacuoles 
in Rab24 silenced cells in full medium. The cells were incubated in different media prior to fixation: FCS 
– full medium; EBSS – serum and amino acid free medium for 2 h; EBSS-FCS – serum and amino acid free 
medium for 2 h, then chase in full medium for 2 h. AC – autophagic compartment; ACd – degradative 
autophagic compartment; ACi – immature autophagic compartment. Modified from Ylä-Anttila et al. 
2015. 
 
 
Further, the accumulating autophagic vacuoles in Rab24 silenced cells were confirmed 
to be acidic with the use of the tandem fluorescent-tagged mRFP-GFP-LC3 (Ylä-Anttila 
et al. 2015), which is a reporter protein established for monitoring autophagosome 
maturation and acidity (Kimura et al. 2007). Both GFP and mRFP fluoresce at non-
acidic conditions, when the autophagosome is immature. However, upon 
autophagosome fusion with the endosomal and lysosomal compartment, the pH 
decreases leading to quenching of the GFP but not mRFP (fig. 11). Moreover, the 
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labelling intensity of the late endosomal, lysosomal, and autolysosomal protein LAMP1 
was higher in Rab24 silenced cells compared to control cells, which is in agreement 
with the accumulation of autolysosomes (Ylä-Anttila et al. 2015).  
 
Taken together, the results of Ylä-Anttila et al. (2015) indicated that the increase of 
autophagic compartments in full culture medium was due to defects in late stages of 
autophagy. However, as the effect of Rab24 depletion on autophagic flux was minimal, 
Rab24 was suggested to function under basal conditions in the clearance of 
degradative, LAMP1 positive autophagic compartments, in which the degradation had 
already been initiated (Ylä-Anttila et al. 2015). 
 
 
 
Fig. 11. The tandem fluorescent-tagged mRFP-GFP-LC3 reporter protein. (A) A schematic structure of the 
mRFP-GFP-LC3 construct. (B) Lipidated mRFP-GFP-LC3 associates with the inner and outer membranes 
of the growing phagophore and autophagosome. In non-acidic conditions both proteins fluoresce. 
However, upon autophagosome fusion with the lysosome the pH of the autolysosome drops, which 
quenches the GFP fluorescence. In addition, upon autolysosome formation the mRFP-GFP-LC3 residing 
on the outer limiting membrane of the autolysosome is delipidated in an Atg4-dependent manner. Thus, 
neutral autophagosomes show both GFP and mRFP fluorescence, while acidic autolysosomes show only 
mRFP fluorescence. Modified from Kimura et al. 2007. 
 
 
2.2.3.3 The Recruitment of Rab24 to Membranes Depends on Prenylation and GTP 
Binding but Less on Tyrosine Phosphorylation 
 
Ylä-Anttila et al. (2015) showed the recruitment of Rab24 to autophagosomes to 
depend on guanine nucleotide binding and prenylation, but less on tyrosine 
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phosphorylation. Rab24-S67L, a mutant deficient in GTP binding, did not colocalise 
with LC3-positive vesicles (Munafo and Colombo 2002, Ylä-Anttila et al. 2015). 
 
Experiments using prenylation competent and deficient Rab24 mutants showed that 
prenylation is essential for the targeting of Rab24 to autophagosomal membranes. 
Mutants favourably or adversely affecting prenylation were created by modifying the 
C-terminal cysteines and their adjacent residues. Prenylation competent Rab24 
mutants colocalised with LC3 both in full medium and starvation conditions, and they 
localised in the perinuclear region similarly to the WT Rab24 in full medium. However, 
prenylation deficient Rab24 mutants were dispersed throughout the cytoplasm and did 
not localise to membranous structures in either condition (Ylä-Anttila et al. 2015). 
 
The effect of the two phosphorylated tyrosine residues (Y17, Y172) on the localisation 
of Rab24 on autophagosomal membranes was investigated using mutants with either 
one or both of the tyrosine residues mutated to phenylalanine (F). Mutants deficient in 
tyrosine phosphorylation showed only a slight decrease in perinuclear localisation, 
colocalization with LC3, and prenylation compared to WT Rab24, suggesting 
phosphorylation to be dispensable for Rab24 targeting to autophagosomes (Ylä-Anttila 
et al. 2015).  
 
2.2.3.4 The Low Intrinsic GTPase Activity of Rab24 
 
Rab24 has been suggested to have a low intrinsic GTPase activity compared to other 
Rabs. This characteristic was proposed to be conferred by two unique amino acids in 
its sequence. The first of these unusual amino acids is a serine (S) at position 67, where 
all the other members of the Rab family possess a glutamine (Q) (Erdman et al. 2000). 
Interestingly, the corresponding Q is known to be essential in GTP hydrolysis in H-Ras, 
a regulator of cell division (Der et al. 1986). The second atypical residue is at position 
120, where a consensus asparagine (N) is replaced by a threonine (T) (Erdman et al. 
2000). This N120T exchange falls into the highly conserved NKXD motif, which is known 
to be part of the guanine nucleotide-binding pocket in the majority of Ras-related 
GTPases, including Ha-Ras (Zhong et al. 1995). 
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The effect of the S67 on the GTPase activity of Rab24 was investigated by Erdman et al. 
(2000) by using radiolabelled [32P]orthophosphate. Rab1B was used as a control, as it is 
found principally in the GDP state (Overmeyer et al. 1998), whereas Rab24 is 
predominantly bound to GTP. The study confirmed the majority of Rab1B to be 
associated with GDP, whereas GTP was the principal guanine nucleotide attached to 
Rab24. Further, a Rab24-S67Q mutant was used to determine whether the intrinsic 
GTPase activity was recovered. The Rab24-S67Q mutant’s [32P]GDP to [32P]GTP ratio 
was high compared to WT Rab24, suggesting that the S67 confers Rab24 its intrinsically 
low GTPase activity (Erdman et al. 2000). In addition, reports of Q67S mutations of 
other Ras-like proteins have reaffirmed the key role of this amino acid in the hydrolysis 
of GTP. These mutations were shown to disturb the proteins’ association with the Rho-
GTPase-activating protein and to reduce their intrinsic GTPase activity (Brondyk et al. 
1993). In addition, Q67L mutants are widely used as constitutively active Rabs in cell 
biology research, confirming the role of amino acid 67 in GTP hydrolysis of Rab 
proteins (Ao et al. 2014, Langemeyer et al. 2014). 
 
2.2.3.5 Prenylation of Rab24  
 
Erdman et al. (2000) performed various experiments to examine the prenylation of 
Rab24. They compared the prenylation of Rab24 and Rab1B by monitoring the 
incorporation of [3H]geranylgeranyl moiety and an isoprenoid precursor [3H]MVA 
(mevalonolactone) to transiently expressed Myc-tagged proteins in HEK293 cells. As a 
larger proportion of Rab1B was observed to be prenylated compared to Rab24, they 
concluded Rab24 to be inefficiently prenylated (Erdman et al. 2000).  
 
As mentioned above, Rab24 possesses a unique C-terminal CCHH cysteine motif not 
found in other Rabs. The influence of this unusual cysteine box on the prenylation of 
Rab24 was further investigated using mutant Rab24 and Rab1B, where the cysteine 
motif boxes had been mutated to CC and CCHH, respectively. Mutant Rab1B (+HH) 
showed substantial decrease in the incorporation of [3H]MVA compared with the WT 
Rab1B. However, deletion of the terminal histidines of Rab24 (∆HH) did not restore 
prenylation levels equivalent to that of WT Rab1B (Erdman et al. 2000).  
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A similar experiment was done by Ylä-Anttila et al. (2015), where they analysed the 
proportion of prenylated WT Rab24 by separating the lipidated and non-lipidated 
forms in a urea gradient SDS-PAGE and immunoblotting against Rab24. The study 
showed 40% of Myc-tagged transiently expressed WT Rab24 to be prenylated.  
 
In addition, the role of the C-terminal cysteine motif box on prenylation was 
investigated by engineering mutants favourable or unfavourable for lipidation. The 
two mutants favourable for prenylation had the two histidines (HH) of the cysteine 
motif box either mutated to serine and asparagine (HH  SN), mimicking the C-
terminus of Rab5, or completely deleted (∆HH). Mutants deficient in prenylation had 
the two cysteines (CC) mutated to serines (CC  SS) or deleted (∆CC). The proportion 
of prenylated protein was only slightly higher in prenylation favourable Rab24 mutants 
compared to WT Rab24. Mutation or deletion of the cysteines completely eliminated 
lipidation (Ylä-Anttila et al. 2015). 
 
Furthermore, Erdman et al. (2000) investigated the effect of the low GTPase activity of 
Rab24 to its’ prenylation by using variations of the GTPase active mutant, Rab24-S67Q 
(see section 2.2.3.4). Equivalent prenylation levels of the WT Rab24 and Rab24-S67Q 
mutant suggested Rab24 prenylation not to depend on its low GTPase activity.  In 
addition, a Rab24 mutant with a high GTPase activity and favourable for lipidation, 
Rab24-S67Q (∆HH), did not show a higher level of prenylation compared to WT Rab24 
(Erdman et al. 2000). 
 
Although the proportion of prenylated Rab24 was low compared to Rab1B, it does not 
necessarily imply prenylation to be of less importance to Rab24 function or localization 
than to other Rab GTPases. In fact, Ylä-Anttila et al. (2015) observed that a large 
proportion of WT Rab24 was prenylated, and that the prenylation was indispensable 
for Rab24 membrane and autophagosome targeting (see section 2.2.3.3).  
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2.2.3.6 The Association of Rab24 with GDI  
 
Guanine-nucleotide-dissociation inhibitor, GDI, mediates Rabs’ cycling between the 
cytosol and intracellular membranes (fig. 8) (Barr and Lambright 2010). It is known to 
complex preferably with GDP-bound, prenylated Rabs (Araki et al. 1990). As Rab24 
hydrolysed GTP more inefficiently than Rab1B, Erdman et al. (2000) examined its 
association with GDI. 
 
Myc-tagged Rab1B and Rab24 were independently co-expressed with FLAG-GDIα, and 
collected using anti-FLAG affinity beads. Western blotting showed that the precipitates 
contained only GDIα complexed to Rab1B, but not Rab24. Similar results were 
obtained when co-expressing Rab1B and Rab24 with FLAG-GDI2, a mammalian isoform 
of GDIβ (Erdman et al. 2000).  Erdman et al. (2000) also investigated endogenous 
Rab24 complexes by using gel filtration followed by Western blotting of the fractions. 
Rabs complexed with GDI are known to elute at approximately 70-80 kDa when 
purified by gel filtration chromatography. A small fraction of Rab24 was found eluted 
at 70 kDa, while the majority of the protein eluted at approximately 100-120 kDa. This 
suggested a small proportion of Rab24 to associate with GDIβ while the majority of the 
protein was complexed with other proteins (Erdman et al. 2000). However, analysis by 
Behrends et al. (2010) indicated Rab24 to coprecipitate with both GDI1 and GDI2. In 
this case, the coprecipitating proteins were identified using mass spectrometry 
(Behrends et al. 2010).  
  
2.2.3.7 Additional Functions of Rab24 and Rab24 Interacting Proteins  
 
In addition to autophagy, Rab24 has been implicated in the induction of neuronal 
differentiation, as suggested by the increased expression of Rab24 in post-mitotic 
neuronal cells (NT2N), induced to differentiate by extended retinoic acid treatment, 
compared to the undifferentiated human teratocarcinomaI cell line (Ntera2), that was 
used to generate the NT2N (Erdman et al. 2000). The overexpression of Rab24 and of 
other autophagic proteins advanced the prevalence of Coxiella-containing vacuoles 
after infection (Gutierrez et al. 2005), suggesting that Rab24 and autophagy are 
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needed for the formation of these vacuoles. Rab24 has also been suggested to be 
involved in nuclear trafficking (Maltese et al. 2002), although it’s detailed function is 
unknown. 
 
In rat cardiac myocytes, Rab24 may play a role in the degradation of aggregated 
proteins (Marambio et al. 2010). This is supported by the findings of Ylä-Anttila et al. 
(2015), showing that Rab24 silencing reduced the clearance of Huntingtin aggregates 
in HeLa cells. Moreover, a point mutation in the GTP binding area of Rab24 was 
recently shown to cause canine ataxia. The mutation may influence nucleotide binding. 
Further, late autophagic vacuoles were found to accumulate in axonal swellings in the 
cerebellar Purkinje neurons of the affected dogs (Agler et al. 2014). These results are in 
agreement with the observations of Ylä-Anttila et al. (2015), which indicated 
autolysosome clearance to be Rab24-dependent and its’ nucleotide binding to be 
important for membrane association. 
 
Interaction studies from different laboratories have reported several Rab24 interacting 
proteins. These include the Bicaudal-D-related protein 2 (BICDR2), a putative effector 
of Rab6 (Schlager et al. 2010), C-terminal-binding protein 1 (CtBP1), a transcriptional 
repressor implicated in cellular proliferation (Fukuda et al. 2008), and SNAP29, a 
SNARE protein functioning in synaptic transmission and in autophagosome-lysosome 
fusion together with SNX17 (Schardt et al. 2009). In addition, Behrends et al. (2010) 
found Rab24 to interact with N-ethylmaleimide sensitive fusion protein (NSF), an 
ATPase required for membrane fusion (Whiteheart et al. 1994), Golgi SNAP receptor 
complex member 1 (GOSR1), a SNARE protein, and plakophilin 1, a protein functioning 
in desmosomes. Furthermore, Rab24 was shown to bind to the tumour-suppressor Drs 
on the membrane of autophagosomes. In addition, Drs colocalised with Rab24 and LC3 
(Tambe et al. 2009). The interaction of Rab24 with some of the above mentioned 
proteins, for example SNAP29 and NSF, supports the presumption of Rab24 function in 
membrane fusion.  
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2.2.4 Other Rab GTPases in Autophagy 
 
As the main orchestrators of intracellular vesicle transport processes, it is no surprise 
that Rabs mediate various steps of the autophagic pathway. Rab1, Rab4, Rab5, Rab7, 
Rab9A, Rab11, Rab23, Rab32, and Rab33B have been proposed to have a role in 
autophagosome formation, whereas Rab7, Rab8B, and Rab22 may be needed for 
autophagosome maturation (Pyo et al. 2012, Ao et al. 2014). Rab9 was suggested to be 
involved in non-canonical autophagy (Nishida et al. 2009), and Rab24 was shown to be 
needed for the clearance of autolysosomes (Ylä-Anttila et al. 2015). Rab8A and Rab25 
have also been implicated in autophagy, but their roles remain undefined (Ao et al. 
2014). Selected Rab GTPases are introduced and their roles in autophagy are discussed 
below. The functions of other Rabs in autophagy are reviewed by Ao et al. (2014), 
Szatmari and Sass (2014), and Amaya et al. (2015). An encompassing summary of the 
different Rab GTPases and their proposed functions in autophagy is presented in table 
1. 
 
Rab7 GTPase is involved in multiple stages of autophagy. It participates in lysosome 
biogenesis, vesicle trafficking from early endosomes to late endosomes and lysosomes, 
and in the fusion of autophagosomes and lysosomes (Meresse et al. 1995, Gutierrez et 
al. 2004, Jager et al. 2004). The interaction of the UV radiation resistance-associated 
gene product (UVRAG) and C-Vps complex activates Rab7 and recruits 
autophagosomal components accelerating autophagosome maturation, whereas the 
RUN domain Beclin-1-interacting cysteine-rich-containing (Rubicon) protein directly 
suppresses autophagosome maturation by binding to Rab7 (Sun et al. 2010). The 
importance of Rab7 in the maturation of autophagosomes is supported by results 
showing that it is essential for autophagic flux (Hirota et al. 2013). 
 
Furthermore, Rab7 has been shown to be recruited to autophagosomal membranes in 
starvation induced autophagy (Gutierrez et al. 2004, Jager et al. 2004), and its 
dissociation from autophagosomes is a perquisite for ALR, the formation of lysosomes 
from autolysosomes (Yu et al. 2010). Moreover, Rab7 has been implicated to function 
in the formation of Coxiella and Group A streptococcus-containing autophagosome-like 
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vesicles, which mediate the transport of these intracellular pathogens to lysosomes for 
degradation (Beron et al. 2002, Yamaguchi et al. 2009). 
 
Rab9 localises to the membranes of late endosomes with Rab7. Rab9 functions in the 
transport of vesicles from late endosomes to the TGN, and plays a role in maintaining 
the integrity of lysosomes and late endosomes. Rab9 is indispensable in Atg5 and Atg7-
independent non-canonical autophagy, where it mediates the formation of 
autophagosomes from the TGN and late endosomal vesicles (Barbero et al. 2002, 
Nishida et al. 2009). 
 
The localisation and function of Rab11 varies between different cell lines. In Chinese 
hamster ovary (CHO) and baby hamster kidney (BHK) cells, Rab11 associates on the 
membranes of recycling endosomes localised in the perinuclear region, and is involved 
in transferrin recycling (Ullrich et al. 1996). However, in the K562 cell line, Rab11 
associates with multivesicular bodies (MVBs) that are exocytosed, and regulates the 
fusion of autophagosomes with MVBs (Savina et al. 2002).  Together with TBC1D14, a 
Rab GTPase GAP, Rab11 was shown to be involved in recycling endosome traffic and 
the transport of membranes from recycling endosomes to newly formed 
autophagosomes under amino acid deprived conditions (Longatti et al. 2012). 
 
The functions of Rab32 have mostly been investigated in melanocytes, and its roles in 
other tissues remain elusive. Rab32 has been indicated to be involved in constitutive 
autophagy. The presence of Rab32 on ER is essential for autophagosome formation. It 
also plays a key role in the degradation of ubiquitinated protein aggregates (Hirota and 
Tanaka 2009, Hirota et al. 2013). Rab32, as well as Rab7, are involved in the formation 
of autophagosomes in autophagy induced by intracellular pathogens (Seto et al. 2011). 
In mice, the functions of Rab32 are redundant with Rab38. Together they control the 
degree of melanocyte pigmentation, and manage the trafficking of tyrosinase related 
protein 1 and tyrosinase at the post-Golgi (Wasmeier et al. 2006). In Drosophila, Rab32 
regulates the degradation of fat body cells through autophagy (Wang et al. 2012).  
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Table 1. Rab GTPases in autophagy. Modified from Szatmari and Sass (2014) and Ao et 
al. (2014).   
Rab GTPase Role in Autophagy Reference 
 Rab1 
Phagophore assembly by                                         
regulating ATG9 localization,                                           
Regulation of TORC1 activity, 
Endoplasmic reticulum export 
Wang et al. (2013),  
Li et al. (2010),  
Zoppino et al. (2010) 
Rab4 Autophagosome formation Talaber et al. (2014) 
Rab5 
Regulation of PIK3C3-BECN1 complex,                     
Regulation of TORC1 activity 
Dou et al. (2013), 
Bridges et al. (2012) 
Rab7 
Transport of autophagosomes along 
microtubules,  
Autophagosome formation and maturation,                             
Autophagic lysosome reformation, 
Regulation of TORC1 activity 
Pankiv et al. (2010), 
Yamaguchi et al. (2009), 
Jager et al. (2004),  
Yu et al. (2010),  
Flinn et al. (2010)  
Rab8 
Autophagy-based secretion,                                    
Autophagosome maturation                                          
during antimicrobial autophagy 
Dupont et al. (2011),  
Pilli et al. (2012) 
Rab9 
Autophagosome maturation                                         
during antimicrobial autophagy,                                           
Autophagosome formation during ATG5- 
and ATG7-independent non-canonical 
autophagy 
Nozawa et al. (2012), 
Nishida et al. (2009) 
Rab11 
Providing recycling endosome-derived 
membrane source for autophagy,                                                   
Maturation of autophagosomes,                                
Regulation of TORC1 activity 
Puri et al. (2013), 
Szatmari et al. (2014),  
Li et al. (2010) 
Rab23 
Autophagosome formation,                                    
Transport to plasma membrane 
Hutagalung et al. (2011), 
Nozawa et al. (2012) 
Rab24 Clearance of autolysosomes Ylä-Anttila et al. (2015) 
Rab25 Unknown Liu et al. (2012) 
Rab32 Autophagosome formation Hirota et al. (2009) 
Rab33 Autophagosome formation and maturation 
Itoh et al. (2008),  
Itoh et al. (2011) 
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3 AIM OF THE STUDY 
 
Rab24 GTPase has been implicated in autolysosomal clearance, neuronal 
differentiation, and ataxia (Ylä-Anttila et al. 2015, Erdman et al. 2000, Agler et al. 
2014). The role of Rab24 in autophagy was further studied in this thesis by analysing 
HeLa cells stably expressing mRFP-GFP-LC3, which were transfected with Rab24 siRNA 
and control siRNA. The cells were immunolabelled with antibodies against LAMP1 and 
LAMP2 and analysed by fluorescence and confocal microscopy. An imaging software 
was utilized to measure the volumes of acidic and non-acidic autophagic 
compartments as well as LAMP1 and LAMP2-positive compartments. The objectives of 
the thesis were to  
 
1. Study the usability of the mRFP-GFP-LC3 construct in experiments aiming to clarify 
autolysosome clearance. 
2. Examine the effect of Rab24 depletion on autophagy in HeLa cells in full culture 
medium and upon different starvation periods. 
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4 MATERIALS AND METHODS 
4.1 Cell Culture 
 
HeLa cells stably expressing mRFP-GFP-LC3 (Kimura et al. 2007), provided by Tamotsu 
Yoshimori via David Rubinsztein (Osaka University, Japan and Cambridge Institute for 
Medical Research, UK), were cultured in 25 cm2 flasks (Cellstar, GBO, 690-170) in full 
medium comprising of Dulbecco's Modified Eagle Medium, (DMEM, Sigma D6546), 
10% Fetal Bovine Serum (FBS, Sigma F7524), 1% penicillin-streptomycin solution 
(Sigma P0781), and 1% L-glutamine (Sigma 67513). Geneticin (Sigma G8168) was 
added to 600 μg/ml to maintain selection for the tandem-fluorescent tagged LC3 
expression.  
 
mRFP-GFP-LC3 cells were subcultured every 2-3 days. The cells were washed with 
phosphate buffered saline, pH 7.1-7.5 (PBS, Sigma D8537) and detached from the 
culture flask using trypsin- ethylenediaminetetraacetic acid (trypsin-EDTA, SIGMA, 
T3924) and diluted 1:10 in the fresh full medium described above. The cells were 
grown at 37°C in 5% CO2.  
 
For siRNA transfection and immunoblotting, HeLa cells were grown in 3.5 cm cell 
culture dishes (Cellstar 627-160) with or without glass coverslips (thickness 1.5, 
Thermo Scientific D-38116) and grown to semi-confluency. A scheme of this thesis’ 
workflow is presented in figure 12.  
 
4.2 siRNA Transfection 
 
HeLa mRFP-GFP-LC3 cells were grown to semi-confluency as described above. One day 
after seeding the cells were silenced with Rab24 siRNA smart pool (Dharmacon, M-
008828-01-0005) or RISC-free siGENOME control siRNA (Thermo Scientific, D-001220-
01-05) using Dharmafect Transfection Reagent (Dharmacon T-2001-2402). For 
transfection, 10 µl of 20 µM Rab24 siRNA smart pool or control siRNA were mixed in an 
Eppendorf tube with 90 µl 1xsiRNA buffer (diluted to Milli-Q water, Dharmacon B-
002000-UB-100) and 100 µl of serum free DMEM (Sigma D6546). In another Eppendorf 
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tube, 6 µl of Dharmafect transfection reagent and 194 µl of serum free DMEM were 
mixed. Both tubes were first allowed to incubate for 5 min, before they were 
combined and incubated for 20 min at room temperature (RT). Medium was aspirated 
from cultured HeLa cells and replaced with fresh DMEM, to which the Rab24 siRNA or 
control siRNA-containing transfection solutions were added. For mock transfected cells 
the fresh DMEM was supplemented with a transfection reagent solution without 
siRNA. Transfection was allowed to commence for 72 h. Subsequently, silencing was 
confirmed with immunoblotting, and the cells were starved for different time periods 
prior to immunolabelling (see below).  
 
Fig. 12. A concise workflow chart of the experiments conducted. 
 
4.3 Detection of Rab24 and Tubulin by Immunoblotting 
4.3.1 Sample Preparation for Protein Measurement and SDS-PAGE  
 
Three days after siRNA transfection, the cells were scraped off the dishes and 
extracted for protein measurement and subsequent run on the SDS-PAGE gel. The cells 
of one 3.5 cm dish were first washed with cold PBS, pH 7.2 (136 mM NaCl, Riedel 
31434, 3 mM KCl, Riedel 31248, 5 mM Na2HPO4 x 2 H2O, J. T. Baker 0326, 1,5 mM 
KH2PO4, Merck4871, in milli-Q water, Media Kitchen, Institute of Biotechnology, 
University of Helsinki) and then scraped to an Eppendorf tube, and centrifuged at 500 
g for 5 min. The pellet was washed once with cold PBS, pH 7.2 (Media Kitchen) and 
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centrifuged as above. The cells were lysed with 50 µl of extraction buffer (2% nonyl 
phenoxypolyethoxylethanol (NP-40, Sigma I8896), 0.2% sodium dodecyl sulphate (SDS, 
BDH 442444H), 1 mM EDTA (Sigma E6758), 1x protease inhibitor cocktail (Roche 04-
693-132-001) in PBS, pH 7.2 (Media Kitchen) by letting the cells incubate on ice for 30 
min with the extraction buffer, and pipetting the cells up and down in the buffer prior 
to and after the incubation. Subsequently, the cells were centrifuged at 21 000 g for 5 
min, and the supernatant was saved for a protein concentration measurement. All 
steps were done on ice or at 4°C. 
 
4.3.2 Measuring Protein Concentration 
 
The supernatant obtained above was used to measure the total amount of proteins in 
each sample using the PierceTM BCA Protein Assay Kit (Thermo Scientific 23225). 
Dilutions for the standard curve were made from 2 mg/ml of bovine serum albumin 
stock (BSA, Bovogen Biologicals BSAS 0.1). Dilutions of 1:5-1:20 of each sample were 
made. BSA and samples were diluted to extraction buffer. For protein concentration 
measurement, 200 µl of BCA reagent was mixed with 10 µl of each sample, incubated 
for 30 min at 37°C and the absorbance was measured at 560 nm. The protein 
concentration of the samples was counted using the equation obtained from the 
standard curve.  
 
4.3.3 SDS-PAGE  
 
The samples were prepared for SDS-PAGE by addition of reducing Laemmli buffer and 
boiling at 95°C for 5 min. Triplicates of each sample containing equal amounts of total 
protein (15 µg/well) were loaded onto a 12,5% SDS-PAGE gel and run with Bio-Rad 
PowerPac Basic device  at 100 V for 15 min, then at 150 V for 60 min. PageRuler 
Protein Prestained Ladder (Life Technologies 26619, 5 µl) was used as a standard. 
Rab24 and tubulin band intensities were subsequently quantified with 
immunoblotting. 
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4.3.4 Immunoblotting 
 
The proteins from the SDS-PAGE were transferred to a nitrocellulose membrane 
(WhatmanProtran BA 83, 10-402-495) for detection with immunoblotting. The blot 
was run with Bio-Rad Mini-Protean Tetra Cell device at 250 mA for 90 min. 
Subsequently, the blot was blocked with blocking buffer (5% milk powder (Valio), 
0.05% Tween-20 (Sigma P1739) in 1x Tris-buffered saline, pH 7.4 (TBS, 25 mM Tris, ICN 
819638, 137 mM NaCl, Riedel 31434, 3 mM KCl, Riedel 31248, in Milli-Q water, Media 
Kitchen, Institute of Biotechnology, University of Helsinki) overnight at 4°C, after which 
3x5 min washes in 1x TBST, pH 7.4 (0.05% Tween-20 in TBS, pH 7.4, Media Kitchen) 
were done at room temperature with shaking. Rab24 and tubulin were detected with 
mouse anti-Rab24 (BD Biosciences 612174) and anti-tubulin (anti-β-tubulin E7, 
Developmental Studies Hybridoma Bank Iowa, IO, USA) primary antibodies with 
dilutions of 1:1000 and 1:1200 in blocking buffer, respectively. The amount of tubulin 
was detected for the normalization of Rab24 silencing efficiency in each condition. The 
primary antibodies were incubated for 1 h, after which the membrane was washed as 
above for 5x10 min. Goat anti-mouse IgG horseradish peroxidase (Jackson Immuno 
Research Laboratories, 115-035-003) was used as the secondary antibody with a 1:20 
000 dilution in blocking buffer. Incubation and washing were done as above. 
Immobilon Western chemiluminescent HRP Substrate Kit (Merck Millipore, 
WBKLS0500) was used to detect the secondary antibody. Equal volumes of the two 
HRP reagents were mixed and incubated on the blot for 3 min. The blot was imaged 
with UVP BioSpectrum 610 MultiSpectral Imaging System using enhanced 
chemiluminescence with ECL HighSens settings.  
 
4.3.5 Determining Silencing Efficiency 
 
The imaged blot was analyzed with ImageJ software (Schneider et al. 2012). 
Background intensity was subtracted from the Rab24 and tubulin band intensities, 
after which the intensities of the triplicate samples were averaged. The amount of 
Rab24 was normalized by dividing the band intensity of Rab24 with that of tubulin. 
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Silencing efficiency of Rab24 siRNA was obtained by dividing the normalized Rab24 
siRNA intensity by the normalized control siRNA intensity.  
 
4.4 Immunofluorescence Labelling 
 
After siRNA transfection and incubation for three days (see section 4.2), the cells were 
starved for 0, 2, 4, or 6 h using serum and amino acid free Earle's Balanced Salt 
Solution (EBSS, Gibco 24010-043). The medium of the non-starved cells (0 h EBSS) was 
changed to new full medium 6 h before fixation. After starvation the cells were fixed 
with 4% paraformaldehyde (PFA, Fluka 76240) in PBS, pH 7.2 (Media Kitchen) for 20 
min. Next, the cells were washed twice and permeabilised using 100% methanol at -
20°C for 2 min. Subsequent steps were done at room temperature. The cells were 
washed and the free aldehyde groups were blocked with 0.12% glycine (AppliChem 
P0B0A18) in PBS, pH 7.2 (Media Kitchen) for 10 min, after which the cells were again 
washed. Non-specific binding of antibodies was reduced by blocking the cells with 3% 
BSA in PBS, pH 7.2 (Media Kitchen) for 15 min. Late endosomal and lysosomal 
compartments were labelled with a mixture of LAMP1 (Developmental Studies 
Hybridoma Bank H4A3 mouse anti-human LAMP1) and LAMP2 (DSHB H4B4 mouse 
anti-human LAMP2) primary antibodies, with dilutions of 1:200 and 1:100 in 3% BSA, 
respectively. The primary antibodies were allowed to incubate for 1 h after which the 
cells were washed four times in PBS, pH 7.2 (Media Kitchen). AlexaFluor 647 
conjugated anti-mouse IgG (Invitrogen A21236, goat anti-mouse IgG H+L) was used as 
the secondary antibody for the detection of the LAMP1/2 stained organelles with a 
dilution of 1:100 in 3% BSA. The antibody was allowed to incubate for 1 h in the dark 
before washing the cells three times with PBS, pH 7.2 (Media Kitchen) and then twice 
with Milli-Q water. The coverslips were mounted to object glass slides using Mowiol 
(Calbiochem 475904), with 50 mg/ml 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma D-
2522) and 2 µg/ml 4',6-diamidino-2-phenylindole (DAPI, Pierce 62247) as antifading 
and DNA staining reagents, respectively. After mounting, the coverslips were allowed 
to set overnight in the dark and later transferred to +4°C.  
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4.5 Microscopy and Image Analysis 
4.5.1 Fluorescence Microscopy 
 
A wide-field Olympus Provis AX-70 fluorescent microscope equipped with a Retiga 
4000R digital camera (QImaging, British Columbia) was used to visualize the cellular 
localization of mRFP-GFP-LC3 as well as LAMP1/2 labelled compartments. The images 
taken with the fluorescent microscope (figs. 14-15 and 17-18) were edited with 
Photoshop C56 (Adobe).   
 
4.5.2 Confocal Microscopy 
 
LAMP1/2 labelled HeLa mRFP-GFP-LC3 cells were imaged with a Leica DM5000 
confocal microscope using the HCX APO 63x/1.30 Corr (glycerol) CS 21 objective. 12-bit 
images of 10-11 whole cells from each sample were taken using a z-stack of 0.25 µm 
thick optical sections with a line average of 4. Coverslip correction was done to each 
sample. Cellular organelles with mRFP-GFP-LC3 were visualised with DPSS 561 nm and 
OPSL 488 nm lasers for mRFP and GFP signal, respectively. HeNe 633 nm laser was 
used to detect LAMP1/2 stained organelles (with AlexaFluor647 as secondary 
antibody), and the UV diode 405 nm laser was used to visualize nuclei. Cells were 
imaged using sequential scanning with a QD 405/488/561/635 beam splitter.  
 
4.5.3 Analysis of the Confocal Microscope Images with Imaris 7.7.1 (Bitplane) 
 
The whole cell volume of 10-11 imaged cells from each condition were analyzed with 
Imaris 7.7.1 (Bitplane) in three dimensions. Single cells were masked using the Surfaces 
function by covering the volume and boarders of the cell. Unwanted cell volumes were 
manually discarded. The masked cell was remasked for red (LC3-containing organelles 
in non-acidic and acidic conditions), green (LC3-containing organelles in non-acidic 
conditions), and blue (LAMP1/2 labelled compartments) channels. Each of the masked 
red, green, and blue channels were used to detect the volume of the respective 
fluorescent signal with the Surfaces function, where local background subtraction-
setting was used. Included volumes from each fluorescent colour were manually 
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thresholded according to eye. The detected volumes of each channel were then 
masked with the voxels outside and inside of the surface set to 0.00 and 500, 
respectively. These masked masked channels of red, green and blue were colocalised 
with each other using the Coloc tool. Furthermore, the total volumes of each 
fluorescent signal as well as the volumes of colocalised green-red or red-blue channels 
were calculated.  
 
4.5.4 Statistical Testing 
 
The column graphs (figs. 16 and 19-22) represent mean cellular volumes of different 
fluorescence signals measured in two independent experiments with five to six cells 
from each condition per experiment (altogether 10-11 cells for each condition). Error 
bars represent standard error of mean (SEM). Statistical significances were tested with 
the two-tailed Student’s t-test assuming unequal variances. p>0.6663 for NS, 
0.07≤p<0.06 for ??, 0.06≤p<0.05 for ?, 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, 
0.005≤p<0.001 for ***. 
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5 RESULTS 
5.1 Silencing of Rab24  
 
HeLa mRFP-GFP-LC3 cells were transfected with control siRNA or Rab24 siRNA to 
assess the influence of the small Rab24 GTPase on autophagosome maturation as well 
as autolysosomal clearance. Rab24 silencing was verified by quantifying the amount of 
Rab24 and tubulin bands (fig. 13) from immunoblots as described in Materials and 
Methods. The silencing of Rab24 was successful as indicated by the faint Rab24 bands 
in Rab24 siRNA cells compared to the strong Rab24 bands in control samples. The 
silencing efficiency was calculated to be 90–95% in both independent experiments. 
Mock cells were transfected with the Dharmafect reagent without siRNA, and they 
were used as reference to assess the effect of siRNA on Rab24 expression levels. As 
seen in fig. 13, the stronger Rab24 bands of the control siRNA cells compared to mock 
transfected cells suggest that siRNA transfection causes an increase in Rab24 protein 
levels.  
 
 
Fig. 13. An immunoblot showing triplicates of Rab24 and tubulin bands from mock, control siRNA, and 
Rab24 siRNA transfected HeLa cells.  
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5.2 LC3 Rearranges upon Starvation in Rab24 Depleted Cells 
 
LC3, a marker protein of the autophagic compartment, is dispersed throughout the 
cytoplasm if cells are kept in full culture medium, whereas when cells are incubated in 
serum and amino acid deprived medium LC3 forms larger, more coherent vesicular 
structures (Mizushima et al. 2001). The cellular rearrangement of LC3 upon amino acid 
depletion is considered to indicate starvation induced autophagy (Kabeya et al. 2000). 
 
The effect of Rab24 on the rearrangement of LC3 upon starvation was studied in HeLa 
mRFP-GFP-LC3 cells transfected with Rab24 siRNA or control siRNA.  In these cells, LC3 
is tandem-fluorescent tagged with green and red monomeric fluorescent proteins (GFP 
and mRFP), which can be used to visualise the acidification of autophagic 
compartments (see fig. 11).  
 
In full culture medium LC3 was mostly found dispersed in the cytosol in both control 
and Rab24 siRNA cells (fig. 14 panels A and B). Upon incubation in serum and amino 
acid deprived medium, EBSS, for 2-6 h (fig. 14 panels E and F, fig. 15), LC3 began to 
form bigger, circular structures. In addition, figures 14 and 15 demonstrate that upon 
amino acid deprivation LC3 fluorescent structures localised primarily in the perinuclear 
area, mostly on one side of the nucleus. These results suggest that Rab24 is 
dispensable for the starvation induced rearrangement of LC3 in HeLa cells. 
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Fig. 14. Wide field fluorescence microscope images of Rab24 siRNA and control siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid depleted medium (EBSS) for 0 h 
(panels A-D) or 2 h (panels E and F). Panels C and D show higher magnifications of indicated boxed areas 
of non-silenced and silenced cells, respectively.   
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Fig. 15. Wide field fluorescence microscope images of control siRNA and Rab24 siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid deprived medium (EBSS) for 4 h 
(panels A-D) or 6 h (panels E and F). Panels C and D show higher magnifications of indicated boxed areas 
of control and Rab24 depleted cells, respectively.  
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5.3 Rab24 is Not Involved in the Formation or Maturation of Autophagosomes 
 
The acidification of autophagosomes was followed by using the mRFP-GFP-LC3 
reporter protein established for monitoring autophagosome maturation (see section 
2.2.3.2) (Kimura et al. 2007). In fluorescence microscope images the immature 
autophagic compartments appear yellow due to overlap of green and red 
fluorescence, whereas acidic amphisomes and autolysosomes are red due to 
quenching of the green fluorescence.  
  
The fluorescence microscope images (figs. 14 and 15) were utilized to assess the 
maturation of autophagic compartments by eye according to colour changes. In full 
culture medium control siRNA and Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells 
contained a few yellow (fig. 14 panels C and D), but mostly red vesicular structures 
dispersed throughout the cytoplasm (fig. 14 panels A and B). The sporadic yellow and 
red structures imply the presence of autophagosomes and autolysosomes in basal 
autophagy. However, upon starvation (fig. 14 panels E and F, fig. 15), the size of the 
fluorescent vesicles in both control siRNA and Rab24 siRNA transfected cells increased, 
and these vesicles showed a more intense red colour compared to the vesicles in cells 
in complete medium. The higher magnification inserts of the red autophagic 
compartments depict acidic amphisomes and autolysosomes (fig. 15 panels C and D). 
These findings show that the pattern of LC3 labelling changes in starved cells. 
Moreover, the presence of yellow and red autophagic vacuoles in both control siRNA 
and Rab24 siRNA cells indicate Rab24 to be dispensable for autophagosome formation 
and acidification.  
 
In addition to the wide field fluorescence microscope images, Rab24 siRNA and control 
siRNA transfected HeLa mRFP-GFP-LC3 cells were imaged with a confocal microscope 
and the whole cell volumes were analyzed with Imaris software as described in 
Materials and Methods. The bar graphs (figs. 16, 19-22) represent the mean cellular 
volumes of GFP, mRFP, and LAMP1/2-positive organelles from two independent 
experiments, from a total of 10-11 cells per each time point.  
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Fig. 16. The mean cellular volumes of the colocalised GFP and mRFP (A) as well as total mRFP signal (B) 
of control siRNA and Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells. The cells were incubated in 
serum and amino acid free medium (EBSS) for 0–6 h as indicated. Colocalised GFP and mRFP (A) 
represent autophagosomes, whereas total mRFP (B) indicates autophagosomes, amphisomes, and 
autolysosomes. The columns and error bars show the mean and standard error of the mean (SEM), 
respectively, from two independent experiments with a total of 10-11 cells from each condition. 
Statistical significances were calculated with the Student’s two-tailed t-test. 0.07≤p<0.06 for ??, 
0.06≤p<0.05 for ?, and 0.05≤p<0.01 for *. 
 
 
 
The volumes of colocalised GFP and mRFP were similar in Rab24 siRNA and control 
siRNA cells in full medium and after 2 h of starvation, which implicates the presence of 
similar volumes of autophagosomes in non-starvation conditions and during short 
term starvation (fig. 16 panel A). In addition, the higher volumes of the total mRFP 
compared to the volume of colocalised GFP and mRFP at each starvation point 
indicates the quenching of the GFP fluorescence, suggesting that the autophagic 
compartments have become acidic (fig. 16, compare the scale in panels A and  B). This 
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is also evident in the fluorescence microscope images, which show most of the 
autophagic vacuoles to be red (figs. 14 and 15). Further, the similar volumes of the 
total mRFP as well as colocalised GFP and mRFP between Rab24 siRNA and control 
siRNA cells at 0-4 h of amino acid depletion implicate the volume of the autophagic 
compartment to be unaffected by Rab24 silencing in these samples.  
 
Taken together, these results indicate that Rab24 is dispensable for autophagosome 
formation and acidification, and that in complete medium and up to 4 h of serum and 
amino acid depletion Rab24 has a minimal effect on the volume of the autophagic 
compartment.   
 
However, at 6 h of serum and amino acid deprivation there was a detectable 
difference in the volumes of both colocalised GFP and mRFP as well as total mRFP 
between Rab24 depleted cells and control siRNA transfected cells: Rab24 silenced cells 
accumulated more vesicles in both categories. This finding was further studied by 
indirect immunofluorescence staining of LAMP1 and LAMP2 to detect the late 
endosomal and lysosomal compartments. 
 
5.4 Autolysosome Clearance is Aberrant upon Rab24 Silencing 
 
In addition to the mRFP-GFP-LC3 construct, the maturation of autophagosomes was 
followed by indirect immunofluorescence staining of LAMP1 and LAMP2 (hereafter 
depicted as LAMP1/2) positive organelles as described in Materials and Methods. 
LAMP1 and LAMP2 are marker proteins of the late endosomal and lysosomal 
compartments (Eskelinen 2005). Fluorescence microscope images were taken of the 
LAMP1/2 labelled HeLa mRFP-GFP-LC3 cells transfected with control siRNA or Rab24 
siRNA to assess the colocalization of late endosomes and lysosomes with the 
autophagic compartment first by eye. The LAMP1/2 compartments were depicted in 
blue, and thus their colocalization with mRFP results in a purple colour. In addition, a 
3D-analysis of these cells was done with Imaris software where the total volume of the 
LAMP1/2 labelled structures as well as the volume of colocalised LAMP1/2 with the 
autophagic compartment was measured as described in Materials and Methods. 
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Fig. 17. Wide field fluorescence microscope images of control siRNA and Rab24 siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid free medium (EBSS) for 0 h 
(panels A-D) or 2 h (panels E and F) and labelled with a mixture of antibodies against LAMP1 and LAMP2. 
Panels C and D show higher magnifications of indicated boxed areas of control and Rab24 depleted cells, 
respectively. 
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Fig. 18. Wide field fluorescence microscope images of LAMP1/2 labelled Rab24 siRNA and control siRNA 
transfected HeLa mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid free medium 
(EBSS) for 4 h (panels A-D) or 6 h (panels E and F). Panels C and D show higher magnifications of 
indicated boxed areas of control siRNA and Rab24 depleted cells, respectively. 
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Figures 17 and 18 show wide field fluorescence microscope images of Rab24 siRNA and 
control siRNA transfected cells labelled with LAMP1/2 antibodies. As seen from figures 
17 and 18, the majority of the red autophagic structures colocalised with LAMP1/2 
labelled organelles, which is in agreement with the results of Kimura et al. (2007). 
Analysis of the percentage of the total mRFP colocalising with LAMP1/2 labelled 
structures varied between 60-80% in non-silenced and silenced cells both in full culture 
medium and upon starvation (fig. 19). The presence of purple vacuoles in full culture 
medium (fig. 17 panels C and D) and upon starvation (fig. 18 panels C and D) suggests 
that Rab24 is not needed in autolysosome formation. 
 
Fig. 19. Analysis of the percentage of the mean total cellular volume of mRFP colocalising with LAMP1/2-
positive organelles in Rab24 siRNA and control siRNA transfected HeLa mRFP-GFP-LC3 cells. The cells 
were incubated in serum and amino acid free medium (EBSS) for 0–6 h. The columns and error bars 
show mean and standard error of mean (SEM), respectively, from two independent experiments with a 
total of 10-11 cells from each condition.  
 
 
LAMP1/2 staining was similar between both transfected cells in full culture medium 
and after 2 h of amino acid depletion. However, the intensity and prevalence of the 
LAMP1/2 staining remained similar in Rab24 depleted cells upon prolonged starvation, 
whereas in control siRNA transfected cells it decreased. A similar trend in the size and 
occurrence of mRFP and LAMP1/2-positive autolysosomes was seen, as the amount of 
purple colour remained constant in cells lacking Rab24, while in control siRNA cells it 
diminished (figs. 17 and 18). This suggests the accumulation of autolysosomes in 
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Rab24 depleted cells, and implicates Rab24 to function in the late stages of autophagy 
upon prolonged starvation.  
 
Volume analysis of the LAMP1/2-positive compartments, i.e. late endosomes, 
lysosomes, and late autophagic compartments, by Imaris also indicated the late 
autophagic pathway to be impaired in Rab24 depleted cells. First, in control cells the 
volume of LAMP1/2 labelled structures decreased prominently as amino acid 
deprivation was continued, whereas in cells lacking Rab24 the total volume of the 
LAMP1/2-positive vesicles remained rather constant in all the starvation points (fig. 20 
panel A). The divergence culminated to a statistically significant difference after the 
cells had been incubated in EBSS for 6 h. This indicates that Rab24 silencing leads to 
the accumulation of the LAMP1/2-positive compartments upon prolonged starvation.    
 
Further, the volume of colocalised mRFP and LAMP1/2 labelled organelles, 
representing autolysosomes, was also markedly higher in Rab24 depleted cells after 6 
h of amino acid deprivation; Rab24 siRNA transfected cells contained approximately 
2.5 times the volume of autolysosomes compared to control cells (fig. 20 panel B). The 
accumulation of autolysosomes in cells lacking Rab24 began after 2 h of serum and 
amino acid deprivation. These findings further imply to a defect in the terminal stages 
of the autophagic pathway, and to the accumulation of autolysosomes in Rab24 
depleted cells.  
 
In addition to the total volume of the LAMP1/2 labelled structures, the volume of the 
LAMP1/2-positive compartment not colocalising with mRFP was also estimated (fig. 20 
panel C). This was obtained by subtracting the volume of colocalised mRFP and 
LAMP1/2-labelled structures from the total volume of LAMP1/2-positive organelles. 
The volume of LAMP1/2 labelled structures not colocalising with the autophagic 
compartment steadily diminished in control cells as starvation continued, and the 
reduction was statistically significant after 6 h of starvation compared to full medium 
conditions. The volume of LAMP1/2 organelles not colocalising with mRFP decreased 
in Rab24 depleted cells as well, but the reduction was less prominent. Interestingly, at 
4 h and 6 h of serum and amino acid deprivation the volume of late endosomes and 
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lysosomes without mRFP was notably higher in Rab24 siRNA cells than in control siRNA 
cells (fig. 20 panel C). 
 
The total volume of LAMP1/2-positive structures (fig. 20 panel A) includes the volume 
of all LAMP1/2 labelled organelles, irrespective of their colocalization with mRFP (fig. 
20 panels B and C). In Rab24 depleted cells, the total volume of all LAMP1/2 labelled 
organelles (fig. 20 panel A) did not change during starvation, while the volume of 
LAMP1/2 only organelles decreased (fig. 20 panel C), suggesting that late endosomes 
and lysosomes were consumed by formation of autolysosomes. Indeed, the reduction 
in the volume of LAMP1/2 only organelles was concomitant with an increase in the 
volume of colocalised mRFP and LAMP1/2 (fig. 20 panel B). Further, the presence of 
purple colour in the wide field fluorescence microscope images in all starvation time 
points implicates the fusion of the late endosomal and lysosomal compartment with 
autophagosomes to be Rab24 independent (figs. 17 and 18). Together, these results 
suggest that Rab24 is dispensable for the formation of autolysosomes both in full 
culture medium and upon starvation. 
 
In control cells the volumes of all LAMP1/2 labelled compartments (fig. 20 panel A) and 
LAMP1/2 only organelles (fig. 20 panel C) diminished simultaneously upon prolonged 
starvation. This suggests a decrease in the late endosomal and lysosomal 
compartments, which could implicate autolysosomal clearance. Unlike in Rab24 
depleted cells, there was no accumulation of autolysosomes upon long term starvation 
in control cells (fig. 20 panel B); instead the volume of the acidic autophagic 
compartment was similar in all starvation time points. This indicates the clearance of 
autolysosomes to be functional in control cells.  
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Fig. 20. Analysis of the whole cellular volumes of LAMP1/2-positive organelles in control siRNA and 
Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells. (A) The mean total cellular volume of LAMP1/2 
labelled organelles representing late endosomes, lysosomes, and autolysosomes. (B) The mean cellular 
volume of colocalised mRFP and LAMP1/2 depicting autolysosomes. (C) The mean cellular volume of 
LAMP1/2 positive structures without mRFP denoting late endosomes and lysosomes. The cells were 
incubated in serum and amino acid free medium (EBSS) for 0–6 h. The columns and error bars show 
mean and standard error of mean (SEM), respectively, from two independent experiments with a total 
of 10-11 cells from each condition. Statistical significances were calculated with the Student’s two-tailed 
t-test. 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, and 0.005≤p<0.001 for ***. 
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Figure 21 depicts the combined volume of autophagosomes and autolysosomes, i.e. all 
structures positive for GFP+mRFP or mRFP+LAMP1/2, in control siRNA and Rab24 
siRNA transfected HeLa cells at different starvation points. The combined volume of 
autophagosomes and autolysosomes was notably higher in Rab24 depleted cells than 
in control siRNA cells after 6 h of amino acid starvation, further suggesting Rab24 
silencing to cause accumulation of autophagic compartments in prolonged starvation. 
The voluminous accumulation of autophagosomes and autolysosomes in Rab24 siRNA 
transfected cells began after 2 h of starvation. In control cells, the volume of the 
autophagic compartment remained similar in all starvation time points. 
 
Fig. 21. The combined mean cellular volume of autophagosomes (colocalised GFP+mRFP) and 
autolysosomes (mRFP+LAMP1/2) in HeLa mRFP-GFP-LC3 cells transfected with control siRNA or Rab24 
siRNA and labelled against LAMP1/2. The cells were incubated in serum and amino acid deprived 
medium (EBSS) for 0–6 h. The columns and error bars show mean and standard error of mean (SEM), 
respectively, from two independent experiments with a total of 10-11 cells from each condition. 
Statistical significances were calculated with the Student’s two-tailed t-test. 0.07≤p<0.06 for ??, 
0.06≤p<0.05 for ?, and 0.05≤p<0.01 for *. 
 
 
 
The volumes of GFP, mRFP, and LAMP1/2 labelled structures in control siRNA and 
Rab24 siRNA transfected HeLa cells are shown in a summarizing figure (fig. 22 panel A 
and B, respectively). These bar graphs recapitulate the divergences in the volumes of 
the different autophagic compartments between Rab24 depleted cells and control 
cells. First, the volume of GFP and mRFP increased in Rab24 siRNA cells upon 
68 
prolonged starvation, whereas in control cells their volume slightly diminished. 
Second, the volume of LAMP1/2 labelled organelles remained steady in cells 
transfected with Rab24 siRNA, while in control cells the volume decreased 
substantially. These divergences suggest that upon long term starvation Rab24 
silencing leads to accumulation of autophagic, late endosomal, and lysosomal 
compartments. 
 
 
Fig. 22. The total mean cellular volume of GFP, mRFP, and LAMP1/2 labelled structures in HeLa mRFP-
GFP-LC3 cells transfected with control siRNA (A) and Rab24 siRNA (B). The cells were incubated in serum 
and amino acid free medium (EBSS) for 0–6 h. The columns and error bars show mean and standard 
error of mean (SEM), respectively, from two independent experiments with a total of 10-11 cells from 
each condition. Statistical significances were calculated with the Student’s two-tailed t-test. p>0.6663 
for NS, 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, and 0.005≤p<0.001 for ***. 
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Taken together, the results suggest that Rab24 is not involved in the fusion of 
autophagosomes with late endosomes or lysosomes neither in full culture medium nor 
upon starvation. Furthermore, the accumulating volume of autolysosomes and the 
constant volumes of the late endosomal and lysosomal compartments in Rab24 
depleted cells implicate Rab24 to be involved in the terminal stages of autophagy, 
where it could function in the clearance of autolysosomes upon prolonged starvation. 
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6 DISCUSSION  
 
6.1 The Function of Rab24 in Autophagosome Formation and Maturation 
 
Previously, Munafo and Colombo (2002) observed that WT Rab24 rearranged upon 
starvation induced autophagy from a dispersed pattern into punctate structures that 
putatively represented autophagosomes. Later, Ylä-Anttila et al. (2015) showed Rab24 
to function in the clearance of autolysosomes during basal conditions. In this study, 
autophagy was quantified using electron microscopy. Prolonged serum and amino acid 
starvation was not investigated. In this thesis, the role of Rab24 in the late stages of 
autophagy was further studied using LAMP1 and LAMP2 labelled HeLa mRFP-GFP-LC3 
cells transfected with control siRNA and Rab24 siRNA, and autophagy was quantified 
using confocal fluorescence microscopy and Imaris software.  
 
The fluorescence microscope images of HeLa mRFP-GFP-LC3 cells showed that amino 
acid deprivation caused LC3 to rearrange from a dispersed pattern of small vesicles 
into larger, punctate structures that localized mainly in the perinuclear area in both 
control siRNA and Rab24 siRNA transfected cells. The rearrangement pattern was 
similar to that of LC3 in CHO cells upon starvation (Mizushima et al. 2001), suggesting 
that the cellular relocalization of LC3 in HeLa cells was caused by starvation induced 
autophagy, and that the vesicles observed were not aggregates of LC3. Moreover, part 
of the LC3-vesicles were positive for red fluorescence but negative for green 
fluorescence, indicating acidification, in both control and Rab24 silenced cells. 
Together, these results indicate that Rab24 does not affect the starvation induced 
rearrangement of LC3 into vesicle-like structures, and that a subset of these putative 
autophagosomes became acidic.   
 
In addition, colocalization of mRFP and GFP was analyzed in three dimensions in z-
stacks covering whole cells. A similar volume of GFP colocalised with mRFP in Rab24 
siRNA and control cells in complete medium and after 2 h of amino acid depletion (fig. 
16 panel A), indicating that upon full culture medium and short term starvation Rab24 
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silencing does not influence the volume of immature autophagosomes. These findings 
suggest that the formation of autophagosomes does not require Rab24. 
 
Identical volumes of mRFP-positive compartments in Rab24 depleted cells and control 
cells incubated in EBSS for 0-4 h imply that the total volume of the autophagic 
compartment was not significantly affected by Rab24 silencing. Further, in Rab24 
siRNA transfected cells the volume of total mRFP was constantly higher compared to 
the volume of colocalised GFP and mRFP. This indicates that the acidification of the 
autophagic compartments is Rab24 independent. 
 
Taken together, the results suggest that the formation of autophagic compartments 
does not require Rab24, and that the acidification of autophagosomes is Rab24 
independent. These findings are in agreement with the results published by Ylä-Anttila 
et al. (2015), which indicated Rab24 to be unnecessary in autophagosome formation 
and maturation.  
 
6.2 The Role of Rab24 in Autolysosome Formation and Clearance 
 
HeLa mRFP-GFP-LC3 cells transfected with Rab24 siRNA or control siRNA and labelled 
with LAMP1 and LAMP2 antibodies were used to study the effect of Rab24 silencing on 
the formation and clearance of autolysosomes. LAMP1 and LAMP2 are marker proteins 
of the late endosomal and lysosomal compartment.  
 
The observation of vesicular structures positive for both mRFP and LAMP1/2 in Rab24 
depleted cells (figs. 17 and 18) indicates the presence of autolysosomes in these cells. 
Further, analysis with Imaris software revealed control siRNA and Rab24 siRNA 
transfected cells to contain similar volumes of colocalised mRFP and LAMP1/2 both in 
full culture medium and upon short term starvation (fig. 20 panel B). Together, these 
results suggest Rab24 to be dispensable for autolysosome formation in basal 
autophagy and in a short amino acid deprivation in HeLa cells.  
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Identical volumes of mRFP and LAMP1/2-positive autolysosomes between the control 
and Rab24 silenced cells persisted in full culture medium as well as after 2-4 h of 
starvation. However, after a 6 h starvation, the volume of autolysosomes in Rab24 
depleted cells was approximately 2.5 times the volume of autolysosomes in control 
cells (fig. 20 panel B). Moreover, the volume of the late endosomal and lysosomal 
compartment (fig. 20 panel A) was substantially greater in cells lacking Rab24 than in 
control cells after 6 h of starvation. These results indicate Rab24 silencing to cause an 
increase in the volume of the late endosomal and lysosomal compartments as well as 
autolysosomes during long term starvation.  
 
As described in section 2.1.4.2, starvation-induced autophagy is ceased upon the 
reactivation of mTOR. mTOR may be reactivated as a consequence of replenished 
nutrient levels due to autophagic degradation (Kim and Guan 2015, Yu et al. 2010). 
 
In light of these events, if Rab24 functions in the clearance of autolysosomes as 
proposed by Ylä-Anttila et al. (2015), it is possible that the recycling of the digested 
material is defective in cells lacking Rab24, which could prevent the reactivation of 
mTOR. This could lead to the observed increased volume of the autophagic 
compartments (fig. 21) and the constant volume of the LAMP1/2-positive organelles 
(fig. 20 panel A) in Rab24 siRNA transfected cells. Further, in control cells the reduction 
in the volume of LAMP1/2 labelled organelles (fig. 20 panel A) may be the result of 
autolysosomal clearance. 
 
Taken together, the results implicate that autolysosome formation in both full culture 
medium and amino acid deprived medium is Rab24 independent, and that Rab24 is 
involved in the clearance of autolysosomes in prolonged starvation. These findings are 
partly in agreement with the results of Ylä-Anttila et al. (2015), which indicated Rab24 
to be unnecessary in autolysosome formation and suggested Rab24 to function in 
autolysosomal clearance under nutrient rich conditions. Ylä-Anttila et al. (2015) did not 
investigate the role of Rab24 upon long term amino starvation. Further, quantitative 
electron microscopy was used to show the accumulation of late autophagic 
compartments in Rab24 silenced cells (Ylä-Anttila et al. 2015). However, the mRFP-
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GFP-LC3 construct and immunofluorescence did not reveal any differences between 
the control and Rab24 silenced cells in full culture medium in this thesis. This 
discrepancy is further discussed below. 
 
6.3 The Reliability of the Methods Used in This Thesis 
 
Using quantitative electron microscopy, Ylä-Anttila et al. (2015) observed Rab24 siRNA 
transfected cells to contain four times more degradative autophagic vacuoles 
compared to control cells in full culture medium (fig. 10). However, in this thesis the 
differences in the volumes of the LC3-positive compartments between control cells 
and Rab24 depleted cells were detectable only after a prolonged, 6 h starvation, and 
no differences were observed in nutrient rich medium. 
 
The number of LC3 or GFP-LC3-positive vesicles is by convention used to measure 
induction of autophagy for example during starvation (Mizushima et al. 2010). When 
autophagy is activated, the number of LC3-positive autophagic vacuoles increases. This 
was also observed in the electron microscope quantitation of Ylä-Anttila et al. (2015). 
However, the results obtained in this thesis show that the total volume of GFP-positive 
LC3 did not change in control cells during starvation (fig. 22). Likewise, mRFP did not 
increase in control cells after starvation induced autophagy (fig. 22). The reason for 
this discrepancy may be the use of total volume instead the widely used number of 
vesicles per cell. The volume of the autophagic vesicles was measured as it is thought 
to represent the autophagic degradative capacity of the cell. The presumption is that 
the increase in the number of autophagic vesicles would also increment the total 
volume of mRFP. 
 
The divergences in the accumulation of autophagic compartments in this thesis and in 
Ylä-Anttila et al. (2015) could be caused by several factors. First, the deviation may be 
at least partly caused by the distinct analysis methods used. The mRFP-GFP-LC3 
construct and fluorescence microscopy was the only method utilized in this thesis, and 
thus other assays are needed to confirm the results. Ylä-Anttila et al. (2015) used 
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electron microscopy images to count the number of degradative vacuoles in non-
silenced and silenced cells, and the autophagic structures were identified according to 
morphology. It is thus feasible that these methods quantify partly different organelles. 
Indeed, it has been suggested that quantitative electron microscopy is more sensitive 
in detecting autophagic compartments than LC3 labelling (Ylä-Anttila et al. 2009b). 
 
Second, in this thesis the volumes of the different autophagic compartments are based 
on vacuoles that contain mRFP-GFP-LC3. However, the used HeLa cell line expresses 
not only mRFP-GFP-LC3, but also endogenous LC3. It is thus possible that the mRFP-
GFP-LC3-containing vacuoles form only a part of the entire autophagic compartment. 
The changes in the autophagic compartment in HeLa mRFP-GFP-LC3 cells could be 
monitored by quantifying the amount of endogenous LC3-II from Western blots. 
However, the LC3-II levels should be normalised to a loading control, such as α-tubulin, 
to eliminate artefacts that cause false interpretation of LC3-II levels (Kimura et al. 
2009). Moreover, LC3-II levels are even less sensitive than the number of LC3 dots in 
estimating the level of autophagy (Eeva-Liisa Eskelinen, personal communication).  
 
Third, the mRFP-GFP-LC3 reporter protein was originally used under short term 
starvation (Kimura et al. 2007), and the stability of mRFP upon prolonged exposure to 
low pH is unknown. Protein degradation rates were measured in Ylä-Anttila et al. 
(2015) and the degradation was slightly decreased in Rab24 silenced cells. This 
decreased degradation may have an effect in the stability and detected volume of the 
mRFP signal.  
 
Furthermore, the mRFP-GFP-LC3 protein has other characteristics that should be taken 
into account when analysing the results of this thesis. First, quenching of the GFP is not 
dependent on the fusion of autophagosomes with lysosomes per se, but on the pH of 
the surrounding environment. Therefore, the quenching of GFP is dependent on the 
lysosomal proton pump and the activity of lysosomal enzymes (Mizushima et al. 2010). 
Thus, both GFP and mRFP fluorescing autolysosomes may exist and be misinterpreted 
as autophagosomes. Second, GFP has been reported to fluoresce weakly at acidic 
environments (pH 4-5), further increasing the possibility of autolysosomes positive for 
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both mRFP and GFP (Bampton et al. 2005). Zhou et al. (2012) engineered an improved 
reporter protein, mTagRFP-mWasabi-LC3, that contains mWasabi that is more acid 
sensitive than GFP. Third, some of the detected fluorescent structures in this thesis 
could be aggregates of mRFP-GFP-LC3 and not genuine autophagic vacuoles, as GFP-
LC3 has been observed to be aggregate prone, especially in transiently transfected 
cells that express higher levels of GFP-LC3 (Kuma et al. 2007). However, since stable 
expression of mRFP-GFP-LC3 was used in this thesis, the possibility of detecting 
aggregates is relatively small.  
 
Moreover, the setting used with Imaris software may cause bias in the results. The 
detected fluorescence volumes were manually thresholded according to eye for each 
sample, which could result in inaccuracies in the obtained data. In addition, 
thresholding proved particularly challenging in cells with scarce signal. Thus, another 
program could be used to verify the results.  
 
Another major factor causing inaccuracies to the results is the low number of analyzed 
cells (10-11 cells from each condition). Further, the volumes of the autophagic 
compartments may be influenced by the different overall volumes of the z-stacked 
HeLa cells. A more accurate quantification of the mRFP-GFP-LC3-positive vesicles could 
be thus obtained by dividing the volume of mRFP-GFP-LC3-positive vacuoles by the 
total volume of the cell. Finally, the results ought to be verified by supporting 
experiments, such as quantitative electron microscopy and autophagic flux assays.   
 
 
6.4 Conclusions and Future Prospectives 
  
Although the characteristics of Rab24 have been studied and it has been implicated a 
role in the late stages of autophagy, the detailed molecular mechanisms through which 
it functions remain unknown. The objectives of this thesis were to study the effect of 
Rab24 depletion on autophagy in HeLa cells in different media, and to examine the 
usability of the mRFP-GFP-LC3 construct in experiments aiming to clarify autolysosome 
clearance.  
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Ylä-Anttila et al. (2015) observed the number of autophagic compartments to be 
fourfold in Rab24 siRNA transfected cells compared to control cells in full culture 
medium. However, the results of this thesis show that prominent deviations in the 
volumes of autophagosomes and autolysosomes between Rab24 depleted and control 
cells were observed after a prolonged, 6 h incubation in serum and amino acid free 
medium, indicating Rab24 to function in the clearance of autolysosomes upon long 
term starvation. Nevertheless, neither of these two studies implicated Rab24 to have a 
role in autophagy during short term amino acid starvation. 
 
Due to the characteristics of the tandem fluorescent-tagged mRFP-GFP-LC3, it may not 
be the most sensitive reporter protein to monitor the accumulation of autolysosomes 
in this experimental setup. For instance, mRFP-GFP-LC3 may not be involved in all of 
the forming autophagic compartments, as the HeLa mRFP-GFP-LC3 cells also contain 
endogenous LC3. In addition, some of the detected autophagosomes could be false-
positives due to the somewhat uncertain quenching of the GFP at low pH. Therefore, 
the results are indicatory. However, the findings in this thesis do support the role of 
Rab24 in autolysosome clearance. An intriguing alternative is that Rab24 functioned in 
the clearance of autolysosomes both in full culture medium and after long term 
starvation; both are  conditions upon which mTOR is active (Yu et al. 2010). This 
intriguing possibility warrants further studies.   
 
In conclusion, Rab24 may play a role in the clearance of autolysosomes in basal 
autophagy (Ylä-Anttila et al. 2015) as well as upon prolonged starvation (this thesis), 
but not in short term amino acid deprivation. The prospect of different cellular 
machineries working on autolysosome clearance upon active or inactive mTOR is 
intriguing, and opens challenging, yet interesting questions of research for the future.  
 
 
  
77 
7 ACKNOWLEDGEMENTS 
 
I am very thankful to Eeva-Liisa Eskelinen for allowing me to conduct my Master’s 
thesis at her laboratory, and for the great guidance and scientific knowledge I have 
picked up while doing the thesis. My stay would not have been so productive and 
pleasant if it wasn’t for the wonderful ladies of the lab – my supervisor Päivi Ylä-
Anttila, Tahira, Taina, and Joanna. Thank you all for assisting me with lab work, 
especially Päivi, and for fruitful scientific, and other, discussions. I would also like to 
thank Samu and Alba for their friendship and for helping me getting around in the 
laboratory. 
 
I greatly acknowledge the Viikki Light Microscopy Unit at the Helsinki University and its 
staff, especially Marko Crivaro for guidance with Imaris. 
 
Last, but definitely not least, I would like to thank my family and friends for all the 
support and sisu received during this journey, especially äiti and Make. 
 
 
  
78 
REFERENCES 
 
Agler, C., Nielsen, D. M., Urkasemsin, G., Singleton, A., Tonomura, N., Sigurdsson, S., 
Tang, R., Linder, K., Arepalli, S., Hernandez, D., Lindblad-Toh, K., van de Leemput, 
J., Motsinger-Reif, A., O'Brien, DP., Bell, J., Harris, T., Steinberg, S., & Olby, NJ. 
(2014) Canine hereditary ataxia in old english sheepdogs and gordon setters is 
associated with a defect in the autophagy gene encoding RAB24. PLoS Genetics 
10(2): e1003991 
 
Alexandrov, K., Horiuchi, H., Steele-Mortimer, O., Seabra, M. C. , Zerial, M. (1994) Rab 
escort protein-1 is a multifunctional protein that accompanies newly prenylated 
rab proteins to their target membranes. EMBO Journal 13(22):5262-73. 
 
Amaya, C., Fader, C. M., & Colombo, M. I. (2015) Autophagy and proteins involved in 
vesicular trafficking. FEBS Letters doi: 10.1016/j.febslet.2015.09.021 (Epub ahead 
of print). 
 
Ao, X., Zou, L., & Wu, Y. (2014) Regulation of autophagy by the Rab GTPase network. 
Cell Death & Differentiation 21(3):348-58. 
 
Apel, A., Herr, I., Schwarz, H., Rodemann, H. P., & Mayer, A. (2008) A Blocked 
autophagy sensitizes resistant carcinoma cells to radiation therapy. Cancer 
Research 68(5):1485-94. 
 
Araki, S., Kikuchi, A., Hata, Y., Isomura, M., & Takai, Y. (1990) Regulation of reversible 
binding of smg p25A, a ras p21-like GTP-binding protein, to synaptic plasma 
membranes and vesicles by its specific regulatory protein, GDP dissociation 
inhibitor. Journal of Biological Chemistry 265(22):13007-15. 
 
Arias, E., Koga, H., Diaz, A., Mocholi, E., Patel, B., & Cuervo, A. M. (2015) Lysosomal 
mTORC2/PHLPP1/Akt Regulate Chaperone-Mediated Autophagy. Molecular Cell 
59(2):270-84. 
 
Arsov, I., Adebayo, A., Kucerova-Levisohn, M., Haye, J., MacNeil, M., Papavasiliou, F. 
N., Yue, Z., & Ortiz, B. D. (2011) A role for autophagic protein beclin 1 early in 
lymphocyte development. Journal of Immunology 186(4):2201-9. 
 
Bampton, E. T., Goemans, C. G., Niranjan, D., Mizushima, N., & Tolkovsky, A. M. (2005) 
The dynamics of autophagy visualized in live cells: from autophagosome formation 
to fusion with endo/lysosomes.  Autophagy 1(1):23-36. 
 
Barbero, P., Bittova, L., & Pfeffer, S. R. (2002) Visualization of Rab9-mediated vesicle 
transport from endosomes to the trans-Golgi in living cells. Journal of Cell Biology 
156(3):511-8. 
 
Barr, F. & Lambright, D. G. (2010) Rab GEFs and GAPs. Current Opinion in Cell Biology 
22(4):461-70. 
79 
Behrends, C., Sowa, M. E., Gygi, S. P., & Harper, J. W. (2010) Network organization of 
the human autophagy system. Nature 466(7302):68-76. 
 
Bento, C. F., Puri, C., Moreau, K., & Rubinsztein, D. C. (2013) The role of membrane-
trafficking small GTPases in the regulation of autophagy. Journal of Cell Science 
126(5):1059-69. 
 
Bernales, S., McDonald, KL., & Walter, P. (2006) Autophagy counterbalances 
endoplasmic reticulum expansion during the unfolded protein response. PLoS 
Biology 4(12):e423. 
 
Beron, W., Gutierrez, M. G., Rabinovitch, M., & Colombo, M. I. (2002) Coxiella burnetii 
localizes in a Rab7-labeled compartment with autophagic characteristics. Infection 
and Immunity 70(10):5816-21. 
 
Betz, C. & Hall, M.N. (2013) Where is mTOR and what is it doing there? Journal of Cell 
Biology 203(4):563-74. 
 
Bjorkoy, G., Lamark, T., Pankiv, S., Overvatn, A., Brech, A., & Johansen, T. (2009) 
Monitoring autophagic degradation of p62/SQSTM1. Methods in Enzymology 
452:181-97. 
 
Bridges, D., Fisher, K., Zolov, S. N., Xiong, T., Inoki, K., Weisman, L. S., & Saltiel, A. R. 
(2012) Rab5 proteins regulate activation and localization of target of rapamycin 
complex 1. Journal of Biological Chemistry 287(25):20913-21. 
 
Brondyk, W. H., McKiernan, C. J., Burstein, E. S., & Macara, I. G. (1993) Mutants of 
Rab3A analogous to oncogenic Ras mutants. Sensitivity to Rab3A-GTPase 
activating protein and Rab3A-guanine nucleotide releasing factor. Journal of 
Biological Chemistry 268(13):9410-5.  
 
Cardenas, C., Miller, R. A., Smith, I., Bui, T., Molgo, J., Muller, M., Vais, H., Cheung, K., 
Yang, J., Parker, I., Thompson, C. B., Birnbaum, M. J., Hallows, K. R., & Foskett, J. K. 
(2010) Essential regulation of cell bioenergetics by constitutive InsP3 receptor 
Ca2+ transfer to mitochondria. The Cell 142(2):270-83. 
 
Chen, C. H., Shaikenov, T., Peterson, T. R., Aimbetov, R., Bissenbaev, A. K., Lee, S. W., 
Wu, J., Lin, H. K., & Sarbassov dos, D. (2011) ER stress inhibits mTORC2 and Akt 
signaling through GSK-3β-mediated phosphorylation of rictor. Science Signaling 
4(161):ra10. doi: 10.1126/scisignal.2001731.  
 
Chen, Y. & Yu, L. (2013) Autophagic lysosome reformation. Experimental Cell Research 
319(2):142-6. 
 
Clark, S. J. Jr. (1957) Cellular differentiation in the kidneys of newborn mice studies 
with the electron microscope. The Journal of Biophysical and Biochemical Cytology 
3(3):349-62. 
80 
 
Codogno, P., Mehrpour, M., & Proikas-Cezanne, T. (2011) Canonical and non-canonical 
autophagy: variations on a common theme of self-eating? Nature Reviews 
Molecular Cell Biology 13(1):7-12. 
 
Coutinho, M. F.,  Prata, M. J., & Alves, S. (2012) A shortcut to the lysosome: the 
mannose-6-phosphate-independent pathway. Molecular Genetics and 
Metabolism 107(3):257-66. 
 
Cuervo, A. M. & Dice, J.F. (2000) Unique properties of lamp2a compared to other 
lamp2 isoforms. Journal of Cell Science 113(24):4441-50. 
 
de Duve, C., Pressman, B.  C., Gianetto, R., Wattiaux, R., & Appelmans, F. (1955) Tissue 
fractionation studies. 6. Intracellular distribution patterns of enzymes in rat-liver 
tissue. Biochemistry Journal 60(4):604-17. 
 
Dennis, P. B., Jaeschke, A., Saitoh, M., Fowler, B., Kozma, S. C., & Thomas, G. (2001) 
Mammalian TOR: a homeostatic ATP sensor. Science 294(5544):1102-5. 
 
Der, C. J., Finkel, T., & Cooper, G. M. (1986) Biological and biochemical properties of 
human rasH genes mutated at codon 61. The Cell 44(1):167-76. 
 
Deter, R. L., Baudhuin, P., & De Duve, C. (1967) Participation of lysosomes in cellular 
autophagy induced in rat liver by glucagon. Journal of Cell Biology 35(2):C11-6. 
 
Dice, J. F. (2007) Chaperone-mediated autophagy. Autophagy 3(4):295-9. 
 
Ding, J., Soule, G., Overmeyer, J. H., & Maltese, W. A. (2003) Tyrosine phosphorylation 
of the Rab24 GTPase in cultured mammalian cells. Biochemical and Biophysical 
Research Communications 312(3):670-5. 
 
Ding, W. X., Ni, H. M., Li, M., Liao, Y., Chen, X., Stolz, D. B., Dorn, G. W., & Yin, X. M. 
(2010) Nix is critical to two distinct phases of mitophagy, reactive oxygen species-
mediated autophagy induction and Parkin-ubiquitin-p62-mediated mitochondrial 
priming. Journal of Biological Chemistry 285(36):27879-90. 
 
Dong, H. & Czaja, M. J. (2011) Regulation of lipid droplets by autophagy. Trends in 
Endocrinology and Metabolism 22(6):234-40. 
 
Dou, Z., Pan, J. A., Dbouk, H. A., Ballou, L. M., DeLeon, J. L., Fan, Y., Chen, J. S., Liang, Z., 
Li, G., Backer, J. M., Lin, R. Z., & Zong, W. X. (2013) Class IA PI3K p110β subunit 
promotes autophagy through Rab5 small GTPase in response to growth factor 
limitation. Molecular Cell 50(1):29-42. 
 
Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., & Deretic, V. (2011) 
Autophagy-based unconventional secretory pathway for extracellular delivery of 
IL-1β. EMBO Journal 30(23):4701-11. 
81 
 
Erdman, R. A., Shellenberger, K. E., Overmeyer, J. H., & Maltese, W. A. (2000) Rab24 is 
an atypical member of the Rab GTPase family. Deficient GTPase activity, GDP 
dissociation inhibitor interaction, and prenylation of Rab24 expressed in cultured 
cells. Journal of Biological Chemistry 275(6):3848-56. 
 
Eskelinen, E.-L. (2005) Maturation of autophagic vacuoles in Mammalian cells. 
Autophagy 1(1):1-10. 
 
Eskelinen, E.-L. (2006) Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and 
autophagy. Molecular Aspects of Medicine 27(5-6):495-502. 
 
Eskelinen, E.-L., Reggiori, F., Baba, M., Kovács, A. L., & Seglen, P. O. (2011) Seeing is 
believing: the impact of electron microscopy on autophagy research. Autophagy 
7(9):935-56. 
 
Eskelinen, E.-L. & Saftig, P. (2008) Autophagy: a lysosomal degradation pathway with a 
central role in health and disease. Biochimica et Biophysica Acta 1793(4):664-73. 
 
Eskelinen, E.-L., Tanaka, Y., & Saftig, P. (2003) At the acidic edge: emerging functions 
for lysosomal membrane proteins. Trends in Cell Biology 13(3):137-45. 
 
Fimia, G. M., Stoykova, A., Romagnoli, A., Giunta, L., Di Bartolomeo, S., Nardacci, R., 
Corazzari, M., Corazzari M, Fuoco, C., Ucar, A., Schwartz, P., Gruss, P., Piacentini, 
M., Chowdhury, K., Cecconi, F. (2007) Ambra1 regulates autophagy and 
development of the nervous system. Nature 447(7148):1121-5. 
 
Flinn, R. J., Yan, Y., Goswami, S., Parker, P. J., & Backer, J. M. (2010) The late endosome 
is essential for mTORC1 signaling. Molecular Biology of the Cell 21(5):833-41. 
 
Fukuda, M., Kanno, E., Ishibashi, K., & Itoh, T. (2008) Large scale screening for novel 
rab effectors reveals unexpected broad Rab binding specificity. Molecular Cell 
Proteomics 7(6):1031-42. 
 
Garcia-Ranea, J. A. & Valencia, A. (1998) Distribution and functional diversification of 
the ras superfamily in Saccharomyces cerevisiae. FEBS Letters 434(3):219-25. 
 
Geisler, S., Holmstrom, K. M., Skujat, D., Fiesel, F. C., Rothfuss, O. C., Kahle, P. J., & 
Springer, W. (2010) PINK1/Parkin-mediated mitophagy is dependent on VDAC1 
and p62/SQSTM1. Nature Cell Biology 12(2):119-31. 
 
Geng, J. & Klionsky, D. J. (2008) The Atg8 and Atg12 ubiquitin-like conjugation systems 
in macroautophagy. EMBO Reports 9(9):859-64. 
 
Glick, D., Barth, S., & Macleod, K. F (2010) Autophagy: cellular and molecular 
mechanisms. Journal of Pathology 221(1):3-12. 
 
82 
Grishchuk, Y., Ginet, V., Truttmann, A. C., Clarke, P. G. H., & Puyal, J. (2011) Beclin 1-
independent autophagy contributes to apoptosis in cortical neurons. Autophagy 
7(10):1115-31. 
 
Gutierrez, M. G., Munafo, D. B., Beron, W., & Colombo, M. I. (2004) Rab7 is required 
for the normal progression of the autophagic pathway in mammalian cells. Journal 
of Cell Science 117(13):2687-97. 
 
Gutierrez, M. G., Vazquez, C. L., Munafo, D. B., Zoppino, F. C. M., Beron, W., 
Rabinovitch, M., & Colombo, M. I. (2005) Autophagy induction favours the 
generation and maturation of the Coxiella-replicative vacuoles. Cell Microbiology 
7(7):981-93. 
 
Hagiwara, A., Cornu, M., Cybulski, N., Polak, P., Betz, C., Trapani, F., Terracciano, L., 
Heim, M. H., Rüegg, M. A., & Hall, M. N. (2012) Hepatic mTORC2 activates 
glycolysis and lipogenesis through Akt, glucokinase, and SREBP1c. Cell Metabolism 
15(5):725-38. 
 
Hailey, D. W., Rambold, A. S., Satpute-Krishnan, P., Mitra, K., Sougrat, R., Kim, P. K., & 
Lippincott-Schwartz, J. (2010) Mitochondria supply membranes for 
autophagosome biogenesis during starvation. The Cell 141(4):656-67. 
 
Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T., & Yamamoto, A. 
(2009) A subdomain of the endoplasmic reticulum forms a cradle for 
autophagosome formation. Nature Cell Biology 11(12):1433-7. 
 
Hirota, Y., Fujimoto, K., & Tanaka, Y. (2013) Rab GTPases in Autophagy. 17 p. In the 
book: Autophagy - A Double-Edged Sword - Cell Survival or Death? InTech: Yannick 
Bailly. p. 47-63. 
 
Hirota, Y. & Tanaka, Y. A. (2009) A small GTPase, human Rab32, is required for the 
formation of autophagic vacuoles under basal conditions. Cellular and Molecular 
Life Sciences 66(17):2913-32. 
 
Hung, Y. H., Chen, L. M., Yang, J., & Yang, W. Y. (2013) Spatiotemporally controlled 
induction of autophagy     mediated lysosome turnover. Nature Communications 
4:2111. 
 
Hutagalung, A. H. & Novick, P. J. (2011) Role of Rab GTPases in membrane traffic and 
cell physiology. Physiological Reviews 91(1):119-49. 
 
Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., Mizushima, 
N., Tanida, I., Kominami, E., Ohsumi, M., Noda, T., & Ohsumi, Y. (2000) A ubiquitin-
like system mediates protein lipidation. Nature 408(6811):488-92. 
 
Imaris v 7.7.1, ImarisXT, Bitplane AG, software available at http://bitplane.com 
 
83 
Inoki, K., Li, Y., Xu, T., & Guan, K. (2003a) Rheb GTPase is a direct target of TSC2 GAP 
activity and regulates mTOR signaling. Genes & Development 17(15):1829-34. 
 
Inoki, K., Li, Y., Zhu, T., Wu, J., & Guan, K. (2002) TSC2 is phosphorylated and inhibited 
by Akt and suppresses mTOR signalling. Nature Cell Biology 4(9):648-57. 
 
Inoki, K., Zhu, T., & Guan, K. (2003b) TSC2 mediates cellular energy response to control 
cell growth and survival. The Cell 115(5):577-90.  
 
Itakura, E., Kishi-Itakura, C., & Mizushima, N. (2012) The hairpin-type tail-anchored 
SNARE syntaxin 17 targets to autophagosomes for fusion with 
endosomes/lysosomes. The Cell 151(6):1256-69. 
 
Itoh, T., Fujita, N., Kanno, E., Yamamoto, A., Yoshimori, T., & Fukuda, M. (2008) Golgi-
resident small GTPase Rab33B interacts with Atg16L and modulates 
autophagosome formation. Molecular Biology of the Cell 19(7):2916-25. 
 
Itoh, T., Kanno, E., Uemura, T., Waguri, S., & Fukuda, M. (2011) OATL1, a novel 
autophagosome-resident Rab33B-GAP, regulates autophagosomal maturation. 
Journal of Cell Biology 192(5):839-53. 
 
Iwata, J., Ezaki, J., Komatsu, M., Yokota, S., Ueno, T., Tanida, I., Chiba, T., Tanaka, K., & 
Kominami, E. (2006) Excess peroxisomes are degraded by autophagic machinery in 
mammals. Journal of Biological Chemistry 281(7):4035-41. 
 
Jager, S., Bucci, C., Tanida, I., Ueno, T., Kominami, E., Saftig, P., & Eskelinen, E.-L. (2004) 
Role for Rab7 in maturation of late autophagic vacuoles. Journal of Cell Science 
117(Pt 20):4837-48. 
 
Jahreiss, L., Menzies, F. M., & Rubinsztein, D. C. (2008) The Itinerary of 
Autophagosomes: From Peripheral Formation to Kiss-and-Run Fusion with 
Lysosomes. Traffic 9(4):574-87. 
 
Jiang, P., Nishimura, T., Sakamaki, Y., Itakura, E., Hatta, T., Natsume, T., & Mizushima, 
N. (2014) The HOPS complex mediates autophagosome-lysosome fusion through 
interaction with syntaxin 17. Molecular Biology of the Cell 25(8):1327-37. 
 
Johansen, T. & Lamark, T. (2011) Selective autophagy mediated by autophagic adapter 
proteins. Autophagy 7(3):279-96. 
 
Jung, C. H., Jun, C. B., Ro, S., Kim, Y., Otto, N. M., Cao, J., Kundu, M., & Kim, D. (2009) 
ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy 
machinery. Molecular Biology of the Cell 20(7):1992-2003. 
 
Jung, C. H., Ro, S. H., Cao, J., Otto, N. M., & Kim, D. (2010) mTOR regulation of 
autophagy. FEBS Letters 584(7):1287-95. 
 
84 
Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., Kominami, E., 
Ohsumi, Y., & Yoshimori, T. (2000) LC3, a mammalian homologue of yeast Apg8p, 
is localized in autophagosome membranes after processing. EMBO Journal 
19(21):5720-8. 
 
Kabeya, Y., Mizushima, N., Yamamoto, A., Oshitani-Okamoto, S., Ohsumi, Y., & 
Yoshimori, T. (2004) LC3, GABARAP and GATE16 localize to autophagosomal 
membrane depending on form-II formation. Journal of Cell Science 117(13):2805-
12. 
 
Kelly, E. E., Horgan, C. P, Goud, B., & McCaffrey, M. W. (2012) The Rab family of 
proteins: 25 years on. Biochemical Society Transactions 40(6):1337-47. 
 
Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., Liu, R., Zhong, Q., & Guan, 
K. (2013) Differential regulation of distinct Vps34 complexes by AMPK in nutrient 
stress and autophagy. The Cell 152(1-2):290-303. 
 
Kim, J., Kundu, M., Viollet, B., & Guan, K. (2011) AMPK and mTOR regulate autophagy 
through direct phosphorylation of Ulk1. Nature Cell Biology 13(2):132-41. 
 
Kim, P. K., Hailey, D. W., Mullen, R. T., & Lippincott-Schwartz, J. (2008) Ubiquitin signals 
autophagic degradation of cytosolic proteins and peroxisomes. Proceedings of the 
National Academy of Sciences of the United States of America. 105(52):20567-74. 
 
Kim, Y. C., & Guan, K. (2015) mTOR: a pharmacologic target for autophagy regulation. 
Journal of Clinical Investigation 125(1):25-32. 
 
Kimura, S., Fujita, N., Noda, T., & Yoshimori, T. (2009) Monitoring autophagy in 
mammalian cultured cells through the dynamics of LC3. Methods in Enzymology 
452:1-12. 
 
Kimura, S., Noda, T., & Yoshimori, T. (2007) Dissection of the autophagosome 
maturation process by a novel reporter protein, tandem fluorescent-tagged LC3. 
Autophagy 3(5):452-60. 
 
Kirisako, T., Ichimura, Y., Okada, H., Kabeya, Y., Mizushima, N., Yoshimori, T., Ohsumi, 
M., Takao, T., Noda, T., & Ohsumi, Y. (2000) The reversible modification regulates 
the membrane-binding state of Apg8/Aut7 essential for autophagy and the 
cytoplasm to vacuole targeting pathway. Journal of Cell Biology 151(2):263-76. 
 
Klionsky, D. J. (2005) The molecular machinery of autophagy: unanswered questions. 
Journal of Cell Science 118(1):7-18. 
 
Klionsky, D. J. & Emr, S.D. (2000) Autophagy as a regulated pathway of cellular 
degradation. Science 290(5497):1717-21. 
 
85 
Komatsu, M., Tanida, I., Ueno, T., Ohsumi, M., Ohsumi, Y., & Kominami, E. (2001) The 
C-terminal region of an Apg7p/Cvt2p is required for homodimerization and is 
essential for its E1 activity and E1-E2 complex formation. Journal of Biological 
Chemistry 276(13):9846-54. 
 
Korolchuk, V. I., Saiki, S., Lichtenberg, M., Siddiqi, F. H., Roberts, E. A., Imarisio, S., 
Jahreiss, L., Sarkar, S., Futter, M., Menzies, F. M., O'Kane, C. J., Deretic, V., & 
Rubinsztein, D. C. (2011) Lysosomal positioning coordinates cellular nutrient 
responses. Nature Cell Biology 13(4):453-60. 
 
Kraft, C., Deplazes, A., Sohrmann, M., & Peter, M. (2008) Mature ribosomes are 
selectively degraded upon starvation by an autophagy pathway requiring the 
Ubp3p/Bre5p ubiquitin protease. Nature Cell Biology 10(5):602-10. 
 
Kroemer, G., Marino, G., & Levine, B. (2010) Autophagy and the integrated stress 
response. Molecular Cell  40(2):280-93. 
 
Kuma, A., Matsui, M., & Mizushima, N. (2007) LC3, an autophagosome marker, can be 
incorporated into protein aggregates independent of autophagy: caution in the 
interpretation of LC3 localization. Autophagy 3(4):323-8. 
 
Kuma, A., Mizushima, N., Ishihara, N., & Ohsumi, Y. (2002) Formation of the 
approximately 350-kDa Apg12-Apg5.Apg16 multimeric complex, mediated by 
Apg16 oligomerization, is essential for autophagy in yeast. Journal of Biological 
Chemistry 277(21):18619-25. 
 
Langemeyer, L., Nunes Bastos, R., Cai, Y., Itzen, A., Reinisch, K. M.,  & Barr, F. A. (2014) 
Diversity and plasticity in Rab GTPase nucleotide release mechanism has 
consequences for Rab activation and inactivation. Elife 11;3:e01623. 
 
Lamark, T., Kirkin, V., Dikic, I., & Johansen, T. (2009) NBR1 and p62 as cargo receptors 
for selective autophagy of ubiquitinated targets. Cell Cycle 8(13):1986-90. 
 
Lee, J., Giordano, S., & Zhang, J. (2012) Autophagy, mitochondria and oxidative stress: 
cross-talk and redox signalling. Biochemistry Journal 441(2):523-40. 
 
Lee, J. H., Yu, W. H., Kumar, A., Lee, S., Mohan, P. S., Peterhoff, C. M., Wolfe, D. M., 
Martinez-Vicente, M., Massey, A. C., Sovak, G., Uchiyama, Y., Westaway, D., 
Cuervo, A. M., & Nixon, R. A. (2010) Lysosomal proteolysis and autophagy require 
presenilin 1 and are disrupted by Alzheimer-related PS1 mutations. The Cell 
141(7):1146-58.  
 
Li, L., Kim, E., Yuan, H., Inoki, K., Goraksha-Hicks, P., Schiesher, R. L., Neufeld, T. P., & 
Guan, K. L. (2010) Regulation of mTORC1 by the Rab and Arf GTPases. Journal of 
Biological Chemistry 285(26):19705-9. 
 
86 
Li, W., Petrimpol, M., Molle, K. D., Hall, M. N., Battegay, E. J., & Humar, R. (2007) 
Hypoxia-induced endothelial proliferation requires both mTORC1 and mTORC2. 
Circulation Research 100(1):79-87. 
 
Liang, C., Feng, P., Ku, B., Dotan, I., Canaani, D., Oh, B., & Jung, J. U. (2006) Autophagic 
and tumour suppressor activity of a novel Beclin1-binding protein UVRAG. Nature 
Cell Biology 8(7):688-99. 
 
Liu, Y., Tao, X., Jia, L., Cheng, K. W., Lu, Y., Yu, Y., & Feng, Y. (2012) Knockdown of 
RAB25 promotes autophagy and inhibits cell growth in ovarian cancer cells. 
Molecular Medicine Reports 6(5):1006-12. 
 
Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S., Barr, F. A., & Tooze, S. A. (2012) 
TBC1D14 regulates autophagosome formation via Rab11- and ULK1-positive 
recycling endosomes. Journal of Cell Biology 197(5):659-75. 
 
Longatti, A. & Tooze, S. A. (2009) Vesicular trafficking and autophagosome formation. 
Cell Death & Differentiation 16(7):956-65.  
 
Lynch-Day, M. A., Mao, K., Wang, K., Zhao, M., & Klionsky, D. J. (2012) The role of 
autophagy in Parkinson's disease. Cold Spring Harbor Perspectives in Medicine 
2(4):a009357. 
 
Maiuri, M. C., Le Toumelin, G., Criollo, A., Rain, J., Gautier, F., Juin, P., Tasdemir, E., 
Pierron, G., Troulinaki, K., Tavernarakis, N., Hickman, J. A., Geneste, O., & 
Kroemer, G. (2007) Functional and physical interaction between Bcl-X(L) and a 
BH3-like domain in Beclin-1. EMBO Journal 26(10):2527-39. 
 
Maltese, W. A., Soule, G., Gunning, W., Calomeni, E., & Alexander, B. (2002) Mutant 
Rab24 GTPase is targeted to nuclear inclusions. BMC Cell Biology 3:25. 
 
Marambio, P., Toro, B., Sanhueza, C., Troncoso, R., Parra, V., Verdejo, H., García, L., 
Quiroga, C., Munafo, D., Díaz-Elizondo, J., Bravo, R., González, M., Diaz-Araya, G., 
Pedrozo, Z., Chiong, M., Colombo, M. I. & Lavandero, S. (2010) Glucose 
deprivation causes oxidative stress and stimulates aggresome formation and 
autophagy in cultured cardiac myocytes. Biochimica et Biophysica Acta - Molecular 
Basis of Disease 1802: 509-518. 
 
Massey, A., Kiffin, R., & Cuervo, A. M. (2004) Pathophysiology of chaperone-mediated 
autophagy. The International Journal of Biochemistry & Cell Biology 36(12):2420-
34. 
 
Mathew, R. & White, E. (2011) Autophagy in tumorigenesis and energy metabolism: 
friend by day, foe by night. Current Opinion in Genetics & Development 21(1):113-
9. 
 
87 
Matteoni, R. & Kreis, T. E. (1987) Translocation and clustering of endosomes and 
lysosomes depends on microtubules. Journal of Cell Biology 105(3):1253-65. 
 
Mauthe, M., Jacob, A., Freiberger, S., Hentschel, K., Stierhof, Y., Codogno, P., & Proikas-
Cezanne, T. (2011) Resveratrol-mediated autophagy requires WIPI-1-regulated LC3 
lipidation in the absence of induced phagophore formation. Autophagy 
7(12):1448-61. 
 
Meijer, A. J. & Codogno, P. (2011) Autophagy: regulation by energy sensing. Current 
Biology 21(6):R227-9. 
 
Meresse, S., Gorvel, J. P., & Chavrier, P. (1995) The rab7 GTPase resides on a vesicular 
compartment connected to lysosomes. Journal of Cell Science 108(11):3349-58. 
 
Mestre, M. B., Fader, C. M., Sola, C., & Colombo, M. I. (2010) Alpha-hemolysin is 
required for the activation of the autophagic pathway in Staphylococcus aureus-
infected cells. Autophagy 6(1):110-25. 
 
Mindell, J. A. (2012) Lysosomal acidification mechanisms. Annual Review of Physiology 
74:69-86. 
 
Mizushima, N., Kuma, A., Kobayashi, Y., Yamamoto, A., Matsubae, M., Takao, T., 
Natsume, T., Ohsumi, Y., & Yoshimori, T. (2003) Mouse Apg16L, a novel WD-repeat 
protein, targets to the autophagic isolation membrane with the Apg12-Apg5 
conjugate. Journal of Cell Science 116(9):1679-88. 
 
Mizushima, N., Levine, B., Cuervo, A. M., & Klionsky, D. J. (2008) Autophagy fights 
disease through cellular self-digestion. Nature 451(7182):1069-75. 
 
Mizushima, N., Ohsumi, Y., & Yoshimori, T. (2002) Autophagosome formation in 
mammalian cells. Cell Structure and Function 27(6):421-9. 
 
Mizushima, N., Yamamoto, A., Hatano, M., Kobayashi, Y., Kabeya, Y., Suzuki, K., 
Tokuhisa, T., Ohsumi, Y., & Yoshimori, T. (2001) Dissection of Autophagosome 
Formation Using Apg5-Deficient Mouse Embryonic Stem Cells. Journal of Cell 
Biology 152(4):657-68. 
 
Mizushima, N., Yoshimori, T., & Levine, B. (2010) Methods in mammalian autophagy 
research. The Cell 140(3):313-26. 
 
Muders, M. H., Zhang, H., Wang, E., Tindall, D. J., & Datta, K. (2009) Vascular 
endothelial growth factor-C protects prostate cancer cells from oxidative stress by 
the activation of mammalian target of rapamycin complex-2 and AKT-1. Cancer 
Research 69(15):6042-8. 
 
Muhlinen von, N., Akutsu, M., Ravenhill, B. J., Foeglein, Á., Bloor, S., Rutherford, T.  J., 
Freund, S. M., Komander, D., & Randow, F. (2012) LC3C, bound selectively by a 
88 
noncanonical LIR motif in NDP52, is required for antibacterial autophagy. 
Molecular Cell 48(3):329-42. 
 
Muhlinen von, N., Thurston, T., Ryzhakov, G., Bloor, S., & Randow, F. (2010) NDP52, a 
novel autophagy receptor for ubiquitin-decorated cytosolic bacteria. Autophagy 
6(2):288-9. 
 
Munafo, D. B. & Colombo, M. I. (2002) Induction of autophagy causes dramatic 
changes in the subcellular distribution of GFP-Rab24. Traffic 3(7):472-82. 
 
Munson, M. J., Allen, G. F., Toth, R., Campbell, D. G., Lucocq, J. M., & Ganley, I. G. 
(2015) mTOR activates the VPS34–UVRAG complex to regulate autolysosomal 
tubulation and cell survival. EMBO Journal 34(17):2272-90. 
 
Nakatogawa, H., Ichimura, Y., & Ohsumi, Y. (2007) Atg8, a ubiquitin-like protein 
required for autophagosome formation, mediates membrane tethering and 
hemifusion. The Cell 130(1):165-78. 
 
Nakatogawa, H., Suzuki, K., Kamada, Y., Ohsumi, Y. (2009) Dynamics and diversity in 
autophagy mechanisms: lessons from yeast. Nature Reviews Molecular Cell 
Biology 10(7):458-67. 
 
Nazio, F., Strappazzon, F., Antonioli, M., Bielli, P., Cianfanelli, V., Bordi, M., Gretzmeier, 
C., Dengjel, J., Piacentini, M., Fimia, G. M., & Cecconi, F. (2013) mTOR inhibits 
autophagy by controlling ULK1 ubiquitylation, self-association and function 
through AMBRA1 and TRAF6. Nature Cell Biology 15(4):406-16. 
 
Nishida, Y., Arakawa, S., Fujitani, K., Yamaguchi, H., Mizuta, T., Kanaseki, T., Komatsu, 
M., Otsu, K., Tsujimoto, Y., & Shimizu, S. (2009) Discovery of Atg5/Atg7-
independent alternative macroautophagy. Nature 461(7264):654-8. 
 
Nozawa, T., Aikawa, C., Goda, A., Maruyama, F., Hamada, S., & Nakagawa, I. (2012) The 
small GTPases Rab9A and Rab23 function at distinct steps in autophagy during 
Group A Streptococcus infection. Cell Microbiology 14(8):1149-65. 
 
Okamoto, K., Kondo-Okamoto, N., & Ohsumi, Y. (2009) Mitochondria-anchored 
receptor Atg32 mediates degradation of mitochondria via selective autophagy. 
Developmental Cell 17(1):87-97. 
 
Olkkonen, V. M., Dupree, P., Killisch, I., Lutcke, A., Zerial, M., & Simons, K. (1993) 
Molecular cloning and subcellular localization of three GTP-binding proteins of the 
rab subfamily. Journal of Cell Science 106 ( Pt 4):1249-61. 
 
Orvedahl, A., MacPherson, S., Sumpter, R. J., Talloczy, Z., Zou, Z., & Levine, B. (2010) 
Autophagy protects against Sindbis virus infection of the central nervous system. 
Cell Host & Microbe 7(2):115-27. 
 
89 
Overmeyer, J. H. & Maltese, W. A. (1992) Isoprenoid requirement for intracellular 
transport and processing of murine leukemia virus envelope protein. Journal of 
Biological Chemistry 267(31):22686-92. 
 
Overmeyer, J. H., Wilson, A. L., Erdman, R. A., & Maltese, W. A. (1998) The putative 
"switch 2" domain of the Ras-related GTPase, Rab1B, plays an essential role in the 
interaction with Rab escort protein. Molecular Biology of the Cell 9(1):223-35. 
 
Palmeri, D. & Malim, M. H. (1999) Importin beta can mediate the nuclear import of an 
arginine-rich nuclear localization signal in the absence of importin alpha. 
Molecular Cell Biology 19(2):1218-25. 
 
Pankiv, S., Alemu, E. A., Brech, A., Bruun, J. A., Lamark, T., Overvatn, A., Bjorkoy, G., & 
Johansen, T. (2010) FYCO1 is a Rab7 effector that binds to LC3 and PI3P to mediate 
microtubule plus end-directed vesicle transport. Journal of Cell Biology 
188(2):253-69. 
 
Pankiv, S., Clausen, T. H., Lamark, T., Brech, A., Bruun, J., Outzen, H., Overvatn, A., 
Bjorkoy, G., & Johansen, T. (2007) p62/SQSTM1 binds directly to Atg8/LC3 to 
facilitate degradation of ubiquitinated protein aggregates by autophagy. Journal of 
Biological Chemistry 282(33):24131-45. 
 
Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N., Packer, M., 
Schneider, M. D., & Levine, B. (2005) Bcl-2 antiapoptotic proteins inhibit Beclin 1-
dependent autophagy. The Cell 122(6):927-39. 
 
Pfeffer, S. R. (2005) Structural clues to Rab GTPase functional diversity. Journal of 
Biological Chemistry 280(16):15485-8. 
 
Pilli, M., Arko-Mensah, J., Ponpuak, M., Roberts, E., Master, S., Mandell, M. A., Dupont, 
N., Ornatowski, W., Jiang, S., Bradfute, S. B., Bruun, J. A., Hansen, T. E., Johansen, 
T., & Deretic, V. (2012) TBK-1 promotes autophagy-mediated antimicrobial 
defense by controlling autophagosome maturation. Immunity 37(2):223-34. 
 
Polson, H. E., de Lartigue, J., Rigden, D. J., Reedijk, M., Urbe, S., Clague, M. J., & Tooze, 
S. A. (2010) Mammalian Atg18 (WIPI2) localizes to omegasome-anchored 
phagophores and positively regulates LC3 lipidation. Autophagy 6(4):506-22. 
 
Puri, C., Renna, M., Bento, C. F., Moreau, K., & Rubinsztein, D. C. (2013) Diverse 
autophagosome membrane sources coalesce in recycling endosomes. The Cell 
154(6):1285-99. 
 
Pyo, J. O., Nah, J., & Jung, Y. K. (2012) Molecules and their functions in autophagy. 
Experimental & Molecular Medicine 44(2):73-80. 
 
Rasband, W. S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 
http://imagej.nih.gov/ij/, 1997-2014.  
90 
 
Renna, M., Bento, C. F., Fleming, A., Menzies, F. M., Siddiqi, F. H., Ravikumar, B., Puri, 
C., Garcia-Arencibia, M., Sadiq, O., Corrochano, S., Carter, S., Brown, S. D., 
Acevedo-Arozena, A., & Rubinsztein, D. C. (2013) IGF-1 receptor antagonism 
inhibits autophagy. Human Molecular Genetics 22(22):4528–44. 
 
Rong, Y., Liu, M., Ma, L., Du, W., Zhang, H., Tian, Y., Cao, Z., Li, Y., Ren, H., Zhang, C., Li, 
L., Chen, S., Xi, J., & Yu, L. (2012) Clathrin and phosphatidylinositol-4,5-
bisphosphate regulate autophagic lysosome reformation. Nature Cell Biology 
14(9):924-34. 
 
Rong, Y., McPhee, C. K., Deng, S., Huang, L., Chen, L., Liu, M., Tracy, K., Baehrecke, E. 
H., Yu, & Llenardo, M. J. (2011) Spinster is required for autophagic lysosome 
reformation and mTOR reactivation following starvation. Proceedings of the 
National Academy of Sciences of the United States of America 108(19):7826-31. 
 
Rubinsztein, D. C., Shpilka, T., & Elazar, Z. (2012) Mechanisms of autophagosome 
biogenesis. Current Biology 22(1):R29-34. 
 
Santambrogio, L. & Cuervo, A. M. (2011) Chasing the elusive mammalian 
microautophagy. Autophagy 7(6):652-4. 
 
Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J. H., Hsu, P. P., Bagley, A. F., 
Markhard, A. L., & Sabatini, D. M. (2006) Prolonged rapamycin treatment inhibits 
mTORC2 assembly and Akt/PKB. Molecular Cell 22(2):159-68. 
 
Sarkar, S., Floto, R.A., Berger, Z., Imarisio, S., Cordenier, A., Pasco, M., Cook, L. J., & 
Rubinsztein, D. C. (2005) Lithium induces autophagy by inhibiting inositol 
monophosphatase. Journal of Cell Biology 170(7):1101-11. 
 
Savina, A., Vidal, M., & Colombo, M. I. (2002) The exosome pathway in K562 cells is 
regulated by Rab11. Journal of Cell Science 115(12):2505-15. 
 
Scarlatti, F., Maffei, R., Beau, I., Codogno, P., & Ghidoni, R. (2008) Role of non-
canonical Beclin 1-independent autophagy in cell death induced by resveratrol in 
human breast cancer cells. Cell Death & Differentiation 15(8):1318-29. 
 
Schardt, A., Brinkmann, B. G., Mitkovski, M., Sereda, M. W., Werner, H. B., & Nave, K. 
(2009) The SNARE protein SNAP-29 interacts with the GTPase Rab3A: Implications 
for membrane trafficking in myelinating glia. Journal of Neuroscience Research 
87(15):3465-79. 
 
Schlager, M. A., Kapitein, L. C., Grigoriev, I., Burzynski, G. M., Wulf, P. S., Keijzer, N., de 
Graaff, E., Fukuda, M., Shepherd, I. T., Akhmanova, A., & Hoogenraad, C. C. (2010) 
Pericentrosomal targeting of Rab6 secretory vesicles by Bicaudal-D-related protein 
1 (BICDR-1) regulates neuritogenesis. EMBO Journal 29(10):1637-51. 
 
91 
Schweers, R. L., Zhang, J., Randall, M. S., Loyd, M. R., Li, W., Dorsey, F. C., Kundu, M., 
Opferman, J. T., Cleveland, J. L., Miller, J. L., & Ney, P. A. (2007) NIX is required for 
programmed mitochondrial clearance during reticulocyte maturation. Proceedings 
of the National Academy of Sciences of the United States of America 
104(49):19500-5. 
 
Seglen, P.O. & Bohley, P. (1992) Autophagy and other vacuolar protein degradation 
mechanisms. Experientia 48(2):158-72. 
 
Semerdjieva, S., Shortt, B., Maxwell, E., Singh, S., Fonarev, P., Hansen, J., Schiavo, G., 
Grant, B. D., & Smythe, E. (2008) Coordinated regulation of AP2 uncoating from 
clathrin-coated vesicles by rab5 and hRME-6. Journal of Cell Biology 183(3):499-
511. 
 
Seto, S., Tsujimura, K., & Koide, Y. (2011) Rab GTPases regulating phagosome 
maturation are differentially recruited to mycobacterial phagosomes. Traffic 
12(4):407-20. 
 
Settembre, C., Fraldi, A., Medina, D. L., & Ballabio, A. (2013) Signals for the lysosome: a 
control center for cellular clearance and energy metabolism. Nature Reviews 
Molecular Cell Biology 14(5):283-96. 
 
Shen, H. M. & Mizushima, N. (2013) At the end of the autophagic road: an emerging 
understanding of lysosomal functions in autophagy. Trends in Biochemical 
Sciences 39(2):61-71. 
 
Shpilka, T., Weidberg, H., Pietrokovski, S., & Elazar, Z. (2011) Atg8: an autophagy-
related ubiquitin-like protein family. Genome Biology 12(7):226. 
 
Smith, D. M., Patel, S., Raffoul, F., Haller, E., Mills, G. B., & Nanjundan, M. (2010) 
Arsenic trioxide induces a beclin-1-independent autophagic pathway via 
modulation of SnoN/SkiL expression in ovarian carcinoma cells. Cell Death & 
Differentiation 17(12):1867-81. 
 
Sun, Q., Westphal, W., Wong, K. N., Tan, I., & Zhong, Q. (2010) Rubicon controls 
endosome maturation as a Rab7 effector. Proceedings of the National Academy of 
Sciences of the United States of America 107(45):19338-43. 
 
Szatmari, Z., Kis, V., Lippai, M., Hegedus, K., Farago, T., Lorincz, P., Tanaka, T., Juhasz, 
G., & Sass, M. (2014) Rab11 facilitates cross-talk between autophagy and 
endosomal pathway through regulation of Hook localization. Molecular Biology of 
the Cell 25(4):522-31. 
 
Szatmari, Z., & Sass, M. (2014) The autophagic roles of Rab small GTPases and their 
upstream regulators: A review. Autophagy 10(7):1154-66. 
 
92 
Takahashi, Y., Coppola, D., Matsushita, N., Cualing, H. D., Sun, M., Sato, Y., Liang, C., 
Jung, J. U., Cheng, J. Q., Mule, J. J., Pledger, W. J., & Wang, H. (2007) Bif-1 interacts 
with Beclin 1 through UVRAG and regulates autophagy and tumorigenesis. Nature 
Cell Biology 9(10):1142-51. 
 
Talaber, G., Miklossy, G., Oaks, Z., Liu, Y., Tooze, S. A., Chudakov, D. M., Banki, K., & 
Perl, A. (2014) HRES-1/Rab4 promotes the formation of LC3(+) autophagosomes 
and the accumulation of mitochondria during autophagy. PLoS One 9(1):e84392. 
 
Tambe, Y., Yamamoto, A., Isono, T., Chano, T., Fukuda, M., & Inoue, H. (2009) The drs 
tumor suppressor is involved in the maturation process of autophagy induced by 
low serum. Cancer Letters 283(1):74-83. 
 
Tanida, I., Tanida-Miyake, E., Ueno, T., & Kominami, E. (2000) The human homolog of 
Saccharomyces cerevisiae Apg7p is a Protein-activating enzyme for multiple 
substrates including human Apg12p, GATE-16, GABARAP, and MAP-LC3. Journal of 
Biological Chemistry 276(3):1701-6. 
 
Tooze, S.A. & Yoshimori, T. (2010) The origin of the autophagosomal membrane. 
Nature Cell Biology 12(9):831-5. 
 
Touchot, N., Chardin, P., & Tavitian, A. (1987) A Four additional members of the ras 
gene superfamily isolated by an oligonucleotide strategy: molecular cloning of 
YPT-related cDNAs from a rat brain library. Proceedings of the National Academy 
of Sciences of the United States of America 84(23):8210-4. 
 
Ullrich, O., Reinsch, S., Urbe, S., Zerial, M., & Parton, R. G. (1996) Rab11 regulates 
recycling through the pericentriolar recycling endosome. Journal of Cell Biology 
135(4):913-24. 
 
Viry, E., Paggetti, J., Baginska, J., Mgrditchian, T., Berchem, G., Moussay, E. & Janji, B. 
(2014) Autophagy: an adaptive metabolic response to stress shaping the 
antitumor immunity. Biochemical Pharmacology 92(1):31-42. 
 
Wang, C., Liu, Z., & Huang, X. (2012) Rab32 is important for autophagy and lipid 
storage in Drosophila. PLoS One 7(2):e32086. 
 
Wang, J., Menon, S., Yamasaki, A., Chou, H. T., Walz, T., Jiang, Y., & Ferro-Novick, S. 
(2013) Ypt1 recruits the Atg1 kinase to the preautophagosomal structure. 
Proceedings of the National Academy of Sciences of the United States of America 
110(24):9800-5. 
 
Wasmeier, C., Romao, M., Plowright, L., Bennett, D.  C., Raposo, G., & Seabra, M. C. 
(2006) Rab38 and Rab32 control post-Golgi trafficking of melanogenic enzymes. 
Journal of Cell Biology 175(2):271-81. 
 
93 
Webb, J. L., Ravikumar, B., & Rubinsztein, D. C. (2004) Microtubule disruption inhibits 
autophagosome-lysosome fusion: implications for studying the roles of 
aggresomes in polyglutamine diseases. The International Journal of Biochemistry 
& Cell Biology 36(12):2541-50. 
 
Weidberg, H., Shpilka, T., Shvets, E., Abada, A., Shimron, F., & Elazar, Z. (2011) LC3 and 
GATE-16 N termini mediate membrane fusion processes required for 
autophagosome biogenesis. Developmental Cell 20(4):444-54. 
 
Weidberg, H., Shvets, E., Shpilka, T., Shimron, F., Shinder, V., & Elazar, Z. (2010) LC3 
and GATE-16/GABARAP subfamilies are both essential yet act differently in 
autophagosome biogenesis. EMBO Journal 29(11):1792-802. 
 
Whiteheart, S.W., Rossnagel, K., Buhrow, S. A., Brunner, M., Jaenicke, R., & Rothman, J. 
E. (1994) N-ethylmaleimide-sensitive fusion protein: a trimeric ATPase whose 
hydrolysis of ATP is required for membrane fusion. Journal of Cell Biology 
126(4):945-54. 
 
Wilson, A. L., Sheridan, K. M., Erdman, R. A., & Maltese, W. A. (1996) Prenylation of a 
Rab1B mutant with altered GTPase activity is impaired in cell-free systems but not 
in intact mammalian cells. Biochemistry Journal 318(3):1007-14. 
 
Yamaguchi, H., Nakagawa, I., Yamamoto, A., Amano, A., Noda, T., & Yoshimori, T. 
(2009) An initial step of GAS-containing autophagosome-like vacuoles formation 
requires Rab7. PLoS Pathogens 5(11):e1000670. 
 
Ylä-Anttila, P., Mikkonen, E., Happonen, K. E., Holland, P., Ueno, T., Simonsen, A., 
Eskelinen, E.-L. (2015) RAB24 facilitates clearance of autophagic compartments 
during basal conditions. Autophagy 11(10):1833-48. 
 
Ylä-Anttila, P., Vihinen, H., Jokitalo, E., & Eskelinen, E.-L. (2009a) 3D tomography 
reveals connections between the phagophore and endoplasmic reticulum. 
Autophagy 5(8):1180-5. 
 
Ylä-Anttila, P., Vihinen, H., Jokitalo, E., & Eskelinen, E.-L. (2009b) Monitoring autophagy 
by electron microscopy in Mammalian cells. Methods in Enzymology 452:143-64. 
 
 
Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A., Rong, Y., Peng, J., Mi, N., Zhao, Y., Liu, 
Z., Wan, F., Hailey, D. W., Oorschot, V., Klumperman, J., Baehrecke, E. H., & 
Lenardo, M. J. (2010) Autophagy termination and lysosome reformation regulated 
by mTOR. Nature 465(7300):942-6. 
 
Zhong, J. M., Chen-Hwang, M. C., & Hwang, Y. W. (1995) Switching nucleotide 
specificity of Ha-Ras p21 by a single amino acid substitution at aspartate 119. 
Journal of Biological Chemistry 270(17):10002-7. 
 
94 
Zhong, Y., Wang, Q. J., Li, X., Yan, Y., Backer, J. M., Chait, B. T., Heintz, N., & Yue, Z. 
(2009) Distinct regulation of autophagic activity by Atg14L and Rubicon associated 
with Beclin 1-phosphatidylinositol-3-kinase complex. Nature Cell Biology 
11(4):468-76. 
 
Zhou, C., Zhong, W., Zhou, J., Sheng, F., Fang, Z., Wei, Y., Chen, Y., Deng, X., Xia, B., & 
Lin, J. (2012) Monitoring autophagic flux by an improved tandem fluorescent-
tagged LC3 (mTagRFP-mWasabi-LC3) reveals that high-dose rapamycin impairs 
autophagic flux in cancer cells. Autophagy 8(8):1215-26. 
 
Zhu, J. H., Horbinski, C., Guo, F., Watkins, S., Uchiyama, Y., & Chu, C. T. (2007) 
Regulation of autophagy by extracellular signal-regulated protein kinases during 1-
methyl-4-phenylpyridinium-induced cell death. American Journal of Pathology 
170(1):75-86. 
 
Zinzalla, V., Stracka, D., Oppliger, W., & Hall, M. N. (2011) Activation of mTORC2 by 
association with the ribosome. The Cell 144(5):757-68. 
 
Zoppino, F. C., Militello, R. D., Slavin, I., Alvarez, C., & Colombo, M. I. (2010) 
Autophagosome formation depends on the small GTPase Rab1 and functional ER 
exit sites. Traffic 11(9):1246-61. 
 
  
  
 
 
